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1.1 A—EVERERBECET IEMER

1-LIZRT LIS, HEREED X — VBT, RICRITRITHA T A T LT
D EAEEIA 2 T AEIE S, B DT VR O v 2T T RIZ X0 kT i
DRI TV, Zhvbild, ERRAERT 50 TR, Mo EEARDO#E % H#
FELTWD Z LIRS (grouped blades) & FRIENS. —JF, IFliE <X, #e
FN—=DN—RIZTERR S, 1w K 57TV ERED  (centrifugal twist-back moment) (2
K0 BT 53 N — L il 4 2 25EES Y (continuously coupled blades) 73F%
HEhTnsg.

EEE/BRIL, YA TATRT /2 v a2 T U RO XD eEis HETHZHRT 5 =
Sk EHEEEEmDIEETHD. S5, EFOEBEKICUINBE NN EZDIZ, IR
BT — NEMFRILTEHHERH S 2. B & 2RO F v UK O i & X
12 127 Y. #— b UEORBBERR G CIE, SRR OFEEE O B (hiRE K
) IZx LT, ROBAREE L +0ICBERT 2 0503 H 5. X 1-2 1TERKEHRE 60
rps (rotational per second) DA D F v UL Z /R L TE Y, AKX 2EEfER T
VIHEEAME & Hie U TR T N & IRENE — FOER DR WD, RGBS
DD gD, Fiz, IAN—Em CHEERT R ERESEDLHLICEY, ¥
—bEUROBERE SO LRI DL Y. XA CEOEBEICL Y, EEEES
NZARR LT, IRENSER S 2557 CEMEBEDO Y X7 2K TE 5.

Centrifugal twist back
moment

Tie-wires

Conventional Continuously Conventional Continuously
grouped blade coupled blade grouped blade coupled blade

Fig. 1-1 Comparison of turbine blade coupling structure.
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Fig. 1-2 Comparison of Campbell diagram between grouped blade and continuously
coupled blade.
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ST Z I TN,

— 5, EeEOAEELEE D N—HETE T, R E TR BN X WS4y
Hansd., AEEE, K18 IRTEIIC@ELNCER L2 LY EDIZL Y /3=
FTE DIERRT) Fy CTHER L 72IRRE T, RIBENC K2 RE DR F & L TEESIND
Bi&EThH D, W R—DBERFHIHT=-T, BEE 7 Ly T 1 > TR ITHREDBIR %
ST DZHERH DN, 20K 9 BN X ERDMEES N A EEICBET 5
O L A R0,

SRRSO S —HEE T, B O TR X VR E @O DR H DD,
TROBRRKETEDET Ly T ¢ ZTERENHEINT 2B, EARBESK T LT
B ERN IR CE W AMREMEN A U D, 207, IN—FTIE, 7L v T
A TEFIET TR, BEREST Uy T o TR, BAIREEICE T DRt
IR 5. D OFHMINCIX, BLFICR~ S & 5 (Bl O ) & MBI BT 5
Bt (BEERET L) ZHLCTHZENHEETHD.



Pefibi ORI ZENL & BN BT AR 2 [ 1-4 13, X 1-4 TEERR 123 0 1272
% & EOMMEMFHAEZ T EEERT D, BRI EHREMOE AT Y U AR <
ERES 1A 720 OB FVF—ITHY L, 2 OMAEERGECERERE L B
BN S D Z LR SN TN D D10 AL D B O & 2 BERIAIE K
EERL, ZOMENZ—E CEOBEAREBICEEL KTTZERMoN TS, KR
TR BERRKE 720 RAREERRAINE K, im (TR0 B2 3 DI FRRTENITR T D8 )
DIEE LEFR) METFT 5L, BAEHEPRESIETT2En8EZLNS. LD
ZEnD, BEEFEEO D NI H T 0, BRI LA OET ML (BT T
W) b, BBET IS W T Uy T g v T EEREOREERE, A IREN O E &R
WEELRHETH 5.

et
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-

Fig. 1-3 Cover structure of continuously coupled blades.
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Fig. 1-4 Schematic illustration of relation between tangential contact force
and relative displacement.
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T Uy T o TR IRE L, BRI ORARCATTERE (7 B RIS B R A 7 &)
ICIRTEL, M ORHREL Y IR TF52¢n8monTnsd JLoT 071
R DUEITRREEAS, VR D 130 L IR F L7= & 0 D (SIS HIC L 25 &5
B, £z, TL T 4 U TIRIREDN, RN REERE WL BPETER O MRS X B Bl
SEOFREA NG T DEE NS 5 Z LR HME SN TN 5.

URED ORI L T D X 21C, 7 Lo T 4 U7 ORERIEREIT, HiE e T
TR EIPNSWNEM L, EPKEE TT N &N REWEHFD 2 BRBICHHETE 5.

T OSEICEE R BRIV, £ 1-LISRT ORI K0 IS IRE O ERAP T X A
DONLE, P55 IRE DA EEZ EIZBIY 2 wi#H OMIE RS HEIZ 2 5.

Table 1-1 Classification of fretting fatigue.

Dependence of fatigue . . Main crack . Applled parts
Type - Fatigue limit . Fretting wear | in turbine
limit on contact pressure position
blades
h=
£
Relativelyhigh | s ¥ _|Usually at Tie-wieres
pressure-small | . Probably exist Very small
. S contact edge Tenon-shroud
slip =
Pressure
bt
5 Cover of
Relatively low o Contact edge or .
B Not always |. . continuously
pressure- large | .2 . inside contact  [Small —large
slip = exist surface coupled
= R blades
Pressure




B—ELVRDIATAYRT /v aT 7 R, @lE K0 & Hci%44 5.
ZOEME, M I5@IRIRESHEMO 7 L v T 4V VSRR THRET S LN TE S,
T VT 4 TN E RPN CRAET DI ENE N EREETH D A
JITEBL T2 T Ly T o 7SR, DM & KUK T LT, HomEL E(—
f1Z 100 MPa f+131) TR« 2R H 5 97, ZhiE, mESMRVER TIX, MW
JEDEEIME & HITHERR I U CREALE O BT I3 M L, 23 @ W& T,
PERR ) DS BEINT B 203 & M RIS IS K D X SERBIE N RN HET 572D Th b
EEZLNTWD Y, BEE KT R0 OFKMETIE, —BRISESIRENFET D LB
SNTHEY, 5x10" YA 7 AT TR B IRENHER SN EORE DRbs. 7Ly T
S T EREREIIMUNTH Y, ST OBERIER RO D Z L.

LJEERER OB NS, HERPKEE « K0 JFRCEE4 T 5. 2 O5MI,
X 1-5(b)\2 7R3 K 5 I THR B far B 2SR R OO BRI 01 C X 0 A5 S D R m AR BR TR
BTXx5. RFETHOLMNILELSIS, ZORECHEEDEFE®HICTL YT 1
T HREPMMET L, HDEIETT Ly T 4V T HBENR/NIIR D Z LB ymnoiz
Y EERERIIAEST R BICKE L, BETRVBELDET Ly T 4 v T ERED
REL oD, Tz, MR & ITEFENHEAT U CTHARRENZ LT 2 &, BRI 57 (R
ENFIELZWGERHDH EZEZILND.

Specimen Fo
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. F1 «— — jt <
&\ h\
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(a) Load-carrying type (b) Friction type
(Load controlled) (Displacement controlled)

Fig. 1-5 Schematics of fretting fatigue tests.
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0, WUNEROMER - (ZEETOMES L DG OOBNE R TFETHD EE X
b, Bl LT, TS PR LI & HOMER - FREHET T LZ 0T,
M 1-6 # HWTHHAT L. ZOET AT, ISHIEREREEHEID AK 28 XK S a D4
(27 o> THEE FIRAE AKy £ 0 bR T EZAER L CTHIFICEY, b X2
EXTAKD MKy £V b/ SS AU X AN ZOE S TERT2 L5225 (RFT0).
ARETITIE, THEPEOERTERAEIORT &I AKy ME T T 28N & RHO%)
REZBELTWD. BIENFOBEANC LY —EORRPRE SN TWDR, £DEERF
ZBE L ClX, £EFEH LV EITW 0., EEMENREELRSERN E LT, U248
DEZHND.

1) BN ZLD AKg 2 JIE TR O
2) R & ZUTH T DIRAT— FOFKE

WNEZD AKy IZBIT 528 LT, ElHaddad & O#ERNH 5. 5 ITAHIE & A
B & a, BB A T AN TR E ZOMER FIRAME AKn (25685 T 5800 & 23 8% E X
fbL7=.

AKy, = AKyyyvJa/(a + ag) 1)

Fi, KRS P NTEERAIN G, MUhERD AKy 23 E ZHRE ROV 5 R (area) O
13 FIZHBITHRERE LT, NEZD AK (2B 2 A IR Y % (e R
A=) 1ZBT BT — 2 NE L, TOPEISHEFCET 2T D20, B, 71y
T TG CIE, RS K0 B I A W ERS RS D MER T B 729, IRk
-1 LU F COMNEZID Ay ICBIT 2T — 2 B3 EIZ /5. ZhbDOTF—2 1L, Tk
ELODDWELRFITIELE AL RVOREFTHS.

Failure

\

No-failure

log AK

O Non-propagating
crack

AKin

v

log a

Fig. 1-6 Schematic of small-crack propagation model at fretting fatigue.
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AWML DIRAT— ROFHE ¥ npgm s, REPICLDE, Z7vovT 007
W7 & GADWERBIE N 2 Be P E N TV 5D, K17 IR T L1, AT —Y T
INEHDOFETH Y, EANKEMFEAR L TCWDIONRFETHD. A7 —V I, BRE
F—NEE— FIBEBICHOTE, ZOBEBTIRERHNFISNICEEZ T IZERT 5
& B Z DIRKRBEBIS TN ANTH S Z LA mb T\ 5 %3019,

THOMBRANPKENAT =T 1 TIE, IREET— NI K 25HmIZE L TREx OFREN
SITWDR, MM T WL ELRESL L T, IREE— NICXk &A%
IS YRR & LT, = F— RIS E SO T2 (AKHAK )Y ol ¥z kb
(AKMH8AK Y 72 EER ENTW 5D, E72 Pook®L, AW L 5ER & o % 20 R4E
WaE SR UM 2R R L IRAT— NICL 202 REIC L V0 HBEH & LT,
FES OBRERH LTS X9 IcE— R OEE FIRAME AKy, 2 EBRIICEET5 2 &
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FEBRE A BB T OMENRDH S LHEML TR, ZOERMIARNEE2 - & bHEBE L
TETFLND.
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§- 0, Mode
4 v
S M Stage |1
(&)
/1 Mode |
Y Crack

Fig. 1-7 Schematic view of fretting crack propagation.
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FEBR RS I, 2EEAER O I S — A LR R HTICE R LT,
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ERNRFET D 2 & ThH 5. Fx ORBRGATH T 23T 7V OF WEZE EET 5
ZWIT, FROBREE N L7 2 2 R OM B FV, I T & St (b fih & ARl
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Fig. 1-8 Schematic view of fretting fatigue tests.
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Fig. 1-9 Schematic of coulomb’s model.
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B DFIEES & 0.2%IM 711, ABTLY B 40%m . #BRA &3y FoTRRZX 2-1
(RS, T (5 mmx5 mm) (2K D (plane contact: PC) Z&ft & ¢ 8 o [T KT
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Table 2-1 Mechanical properties of 12%-Cr steels.

0.2% proof stress Tensile strength  Elongation  Reduction of area Vickers hardness

(MPa) (MPa) (%) (%) (Hv)
Sample A 610 745 26.3 65.5 238
Sample B 842 1037 15.4 51.0 329
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Fig.2-3 S-N diagram of fretting tests.
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Fig.2-4 Effect of contact pressure on fretting fatigue strength at mean stress.
(Open marks: not broken; Closed marks: broken in less than 2x10’cycles)

Crack edge

Contact edge

Wear area
Load direction
AN

Wear area Crack

<
0.12 mm

Fig. 2-5 Side view near contact edge of failure specimen.
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Fig. 2-6 Example of non-propagating crack and its aspect ratio.
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Fig. 2-7 Non-propagating crack depth obtained from fretting fatigue tests.
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Fig. 2-11 Calculated stress intensity factors for oblique cracks as function of S.
(PC, p = 80 MPa, o, = 0 MPa, 5, = 100 MPa)
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100 MPa, aeq = 0.025 mm)
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Fig. 2-16 Schematic illustration of small-crack propagation model under plane-contact

condition on the effects of material strength, and mean stress.
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Fig. 2-17 The effects of line-contact pressure on AK, and Ky calculated by elasto-plastic
analysis with non-crack model. (LC, 6,,= 0 MPa, g,= 100 MPa, Sample A)
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Fig. 2-18 The value of AKy, obtained by plain fatigue tests using fretting pre-crack specimens

for sample A and sample B under various stress ratios.
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Fig. 2-19 The value of AKy, o1 for samples A and B under various stress ratios as a

function of 1-R.
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Fig. 2-20 Evaluation results on AK, Kpax and K, using the minimum stress leading to fracture

(¢) om=—2100 MPa, 5,=200 MPa, Sample A, PC

in experiments under plane-contact at p=80 MPa for sample A.
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Fig. 2-23 Ratios of AK to AKy, of non-propagating cracks for plane-contact and line-contact.
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Table 2-2  List of fretting fatigue tests for sample A at plane contact condition.

Stress Non-propagating crack length
Contact Contact | Mean amplitude, Cycle Fracture (Y) (mm)
type pressure |stress, o " umber or Non- Surface | Depth | Equivalent
(MPa) | (MPa) 8 fracture(N) pih,
(MPa) length, | a length, a ¢,
170 5.70x10° Y — — —
150 2.16x10° Y — — —
140 6.40x10° Y — — —
0 135 2.00x10" N 0.68 | 0.074 | 0.066
130 2.00x10 N 1.00 | 0.039 | 0.038
120 2.00x10’ N 0.11 0.015 0.013
100 2.00x10’ N — — 0.007
120 2.60x10° Y — — —
110 1.23x10° Y — — —
Plane 110 8.40><10: Y — — —
80 105 1.26x10 Y — — —
Contact 400 100 > 43x10° Y — — —
95 2.00x10’ N 0.22 | 0.036 0.029
90 2.00x10’ N 0.26 | 0.032 | 0.028
90 2.00x10’ N — — 0.013
60 2.00x107 N — — 0.006
220 1.65x10° Y — — —
200 4.42x10° Y — — —
-100 180 2.00x10’ N 0.86 | 0.133 0.110
180 2.00x10’ N 1.18 | 0.256 0.187
160 2.00x10’ N 0.63 | 0.08 | 0.069
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Table 2-3  List of fretting fatigue test s for sample A at line contact condition.

Line

Stress

Non-propagating crack length

Contact | contact Mean amplitude, Cycle Fracture (Y) LiLLL
stress, o or Non- .
type force 02 number Surface | Depth, |Equivalent
(N/mm) (Mpa) (MPa) fracture(N) length, | a |length,a
) » Aeq
150 2.75x10° Y — —
60 0 140 2.00x10’ N 033 | 0.06 | 0.047
130 2.00x10’ N 0.32 | 0.074 0.052
100 2.00x107 N 0.28 | 0.043 | 0.035
150 1.77x10° Y — — —
140 3.53x10° Y — — —
0 130 9.23x10° Y — — _
130 1.47x10" Y — — —
150 125 2.00><10; N 0.48 0.053 0.047
100 7.65x10 Y — — —
90 2.00x10’ N — — —
400 90 7.30x10° Y — —
Line 85 2-00x10: N 0.23 | 0.043 | 0.033
Contact 80 2.00><105 N 0.33 0.029 0.027
170 9.30x10 Y — —
160 3.60x10° Y — — —
160 2.14x10° Y — — —
0 150 2.00x107 N 0.35 | 0.087 0.060
140 2.00x107 N 0.50 0.09 0.071
140 2.00x107 N 0.33 | 0.085 0.057
300 100 2.00x10’ N 0.28 0.04 0.034
80 2.00x10’ N 0.29 0.03 0.027
100 2.30x10° Y — —
90 9.33x10° Y — —
400 85 2.00x10’ N 021 | 004 | 0.031
80 2.00x10’ N 0.24 0.03 0.026
60 2.00x10’ N — — 0.016
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Table 2-4  List of fretting fatigue tests for sample B at plane contact condition.

Stress Non-propagating crack length
Contact Contact tl\/lean amplitude, Cyce Fractlzre Y) (mm)
type p(r:;;t;r)e > rijlsl;’am o, number frZ(r:turZr(]l_\l) Surface | Depth, |Equivalent
(MP2) | Mpa) length, 1 | a  |length, ag
170 1.41x10° Y — — —
160 4.10x10° Y — — —
160 1.34x107 Y — — —
0 150 2.00x107 N 0.56 0.078 0.066
Plane 150 2.00x10’ N 0.22 0.032 0.027
contact 80 140 2.00x10’ N — — 0.008
130 2.00x10’ N 0.12 | 0.015 | 0.013
130 4.55x10° Y — — —
120 1.48x10° Y — — —
400 115 6.50x10° Y — — —
110 2.00x107 N — — 0.006

Table 2-5 List of fretting fatigue tests for sample B at line contact condition.

Line Stress Non-propagating crack length
Contact | contact Mean amplitude, Cycle Fracture (Y) (mm)
stress, o m or Non- .
type force 0a number Surface | Depth, |Equivalent
(N/mm) (MPa) (MPa) fracture(N) length, | a |length a,
h 1Geg
160 1.23x10° Y — — —
0 150 2.63x10° Y — — —
150 140 2.00x10’ N 0.28 0.042 0.035
120 8.15x10° Y — — —
400 110 7.08x10° Y — — —
100 2.00x107 N 0.06 0.011 0.008
140 2.04x10° Y — — —
0 130 2.00x107 N 0.30 0.044 0.037
Line 110 2.00x10’ N 0.21 0.024 0.021
contact 300 110 4.40x10° Y — — —
400 100 1.78x10° Y — — —
90 2.00x107 N 0.25 0.039 0.032
85 2.00x10’ N — — 0.019
140 2.00x107 N 0.35 0.063 0.050
0 170 2.00x107 N 0.63 0.13 0.097
450 180 1.34x10° Y — — —
90 2.00x107 N 0.41 0.025 0.024
400 110 2.00x10’ N — — —
120 1.64x10° Y — — —
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Fig. 3-2 Shape of test piece.
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Fig. 3-3 Experimental set-up.

Displacement gauge

Test piece

Load cell ring

Fig. 3-4 View of friction-type fretting test.

AFRERTIE, B F & RO BRRTENS L2, FlditBigo — ML cEF
B U7 ZBALHIE T, S ZEOREICE D FME R L2720, aRBRIK OB 1153 5 %
T LR LA iR & B3 LT, 1232 FEM RN CHEfilimm |2 T2 8 70 Bl X
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|

Strain gauges
(on both sides)

i Approx. 1.6 mm

Lk =
™ o1

Fig. 3-5 Measurement of strain distribution.

/1

=

Relative displacement

dslip

A

Fig. 3-6  Schematic view of relation between tangential force and relative
displacement.
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135909 Th o7z, MUk LI (10°4 1 7 VLLT) OFK FiF A3, — I H 51T
WOBEEBREL Y bRERME (1LLLE) THoDiE, i TOEEOBE E 11 23R
EEZBND.
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(c)Hysteresis of d,— F/F,

Fig. 3-7  An example of measured F/F, and dg;,, and its hysteresis.
(p =25 MPa, d, = 0.071 mm, N¢= 1.5%10’ cycles)
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Fig. 3-8 Relation between Fi/F, and dsj.
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Fig. 3-9 Test results on contact stiffness.
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3.3.2 7Ly T a4 VIRFRE

F/Fa D3R LIZ K 0 28 b L7272, REHE LBUZHB T 2052 W CRHET 5. X
ok LEUE, WK IS DWW TIIBHE R m D 12, REWEBRIK I DWW TiE ik
LED 12 LEsE Lz, K310 1R X 91T, &ZAENEE S5k (K4 o
Evaluation section) Ci, #EfENOMLEIND F I X VEE T OIS I3 BAET 5.
Z 2T, A omAE S, Bk b Wi i E CoOMREE e,, Wi HhiC k9 5 Wi
%k Z, VT, REDIC L AFREH Onom & FH L2

Gnom:Ft/S“r‘Ft'e]_/Z]_ (3'1)

R LB 33U 2 REAMGIET D O B+ 11 AFRIS ) 05, nom CTHEFLL 72 S—N X% [X]
11T, K31 IICART LI, HEZIK T DITEREITRENMET Lz, flixed
PRI L0, Bk & AR ORERRE R A B LR R A X 312 1ITRT. Zhb D
BUZRT dm, dsipy Oa, nom (3, ATRCOREMIK LI T DEEZ AW, X 3-12 121,
2x10" A 7 VORI S E Ak & T, BEMEBRIREZ BB TRELTRBY, b
DEHRNG, BERL LT Ly T ¢ 7R TFRESEBICETE 5. B RO —E&R
13331 (p. 71, 72) TR

Tangential force, F, Py _ Principal axis

Evaluation section

L

. Contact edge

Fig. 3-10 Definition of nominal stress.
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Fig. 3-11  S-N curve in fretting tests.
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Fig. 3-12 Test results on friction-type fretting fatigue tests.
(Open marks: non-fracture under 2x10 cycles; Closed marks: fracture)
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Fig. 3-13 Distance from geometric contact edge to main crack.
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3.3.3 THEAMEBOBHRER

(a) HWEHRBRADOESHRELEME
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S77.

b) FBEHROBRGER

FRAEWEAEBR A OWNT, Wimi X 7 r BRI LV ER SR LB LR EZK 3-14 (12
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SEEIRT D7, & D WITRRBRIR BT 2 IS ER T 20k~ TT7 Ly T 4 V7K
TIRENRESND EEZDBND.
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() Experimental results on d,,—p

Non-propagating cracks

Sliding direction

PYRES Nk 0

g
St o RS TR g

Contact length

Section A-A

Fig. 3-14 Observed non-propagating cracks at cross-section near contact surface for
non-failure test pieces.
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Non-propagating cracks

Sliding direction

Section A-A

(c) p=35MPa, dn= 66 pum, dgip =7 UM, T4 nom= 83.2 MPa ()

Sliding direction

100 um

Nominal contact length

Section A-A

(d) p =25 MPa, dy = 62 um, dgip =9 um, o4 nom = 65 MPa (®)

Fig. 3-14(Continued) Observed non-propagating cracks at cross-section near contact surface
for non-failure test pieces.
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Sliding direction

Contact length

Section A-A

(e) p =25 MPa, dy =85 um, dgjip= 32 uM, &4 nom = 66 MPa (@)

Fig. 3-14(Continued) Observed non-propagating cracks at cross-section near contact surface
for non-failure test pieces.
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3.4 EHEETLYT A4 VIEFREICET HEE
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DOT HEHZAT > 72,

3.4.1 MRS LGN HMOEEK

FRNTET )V & ZOEERGM 2K 3-15 17T, REOFHIOT A& T 572012, 3
WILET LV THRAT L7z, X 3-15 \ORT X 912, Eg2D & DIk 7z - Tl % 4
H L2 iEl GEEEilR S L EFR) BAAET D LUE LT, £ OmEBOBEMEIFRE A Y
BRNTET /ML LT, AR e B RIZET 2807 Eogfilbh) b OIEEME S % d, dy
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DIER DML OFEIIZ T DIEM) & i U TR T T 285608305 L& %, &
DRGSR G & L TN 2L 2WEEEZHE L. 2040 T, 342 H
[CTHEET L. Bt OBEEMREIIEFRFOFHAMEZ 2512 09 & L. &R F,
AW LIRS, LA 7 LV OEBEIRIE F, 2 AT L7z, FEEAREIR O (Bl
En BT EXZHERGMOR/NA v 24 X% 0.05 mm & L7z, fi#frY 7 M,
ANSYS® Mechanical™ ver.10.0 T& v, fEHTE T /L OEIREKITH 67,000, ZHRELITH
59,900 Th 5. #fiEHR L LT, m-mfh3E3R (CONT173, TARGEL70) % M\ 7z.
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Fig. 3-15 FEM analysis model.
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Fig. 3-16 Definition of reference stress.
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— XKD HE IR, BEREEMOR Yy N ARy MEH NSRS 5T, BEOIG SIS0
EORLTCRD D HE R EPRESN TV D, WIREIE— 7SN Thel, %
6 & DR OIS oA EHERSH D Z L 2BE LT, AFETIE, K 3-16 [T~ T
X 9IZFEHmN S 0.25 mm & 0.5 mm ONEICEIT DI 2 kG AT MERR S, HHEE 0 mm
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T2, X 3-14 DER &R X (0.07~05mm) #5512, EF UMY+ 5
BORFILNEZBE LT, RBROICEO-HELZER L.

da = dy DEMT, il D RAEICTEE MR EOIS )0 2K 3-17 1277, Rl
£ 2 TSR 03, 1 % AT 71 G, nom TR U 72 (i 7148 FPAR SR KA Y) % X 3-17(a) 12,
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% . B S NEOME SIS HEFREDSEIINT B DX, STk "OwE £ T 5. £z,
¥ 3-18(b) IR T & D12, HIEEIK T SEDIFE, y FRIOSRIEHE LG o,y Ot
AT 2. X 3-18(Q) IR T K D IZ, G, p1f Ga, nom (2 p DEENT L A EBINL2 VDI,
p DN LV AFRIE ST 0a nom & KBRS T 01, ot D F DM T 2 MG EEZ HND.

PLEDOENTFER LD, MEDIK FICXY 7L v T 0 U 7S EEME T LR E L
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Stress concentration, o, p1/Oa nom

Stress concentration, o, pi/ G4, nom
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(b) Mean stress

Fig. 3-17  Stress distribution from contact edge. (p = 30 MPa, &, nom= 70 MPa)
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Fig. 3-18 Relation between non-contact length and reference stress when d, = d,.
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/Geometric edge, Eq
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Fig. 3-19  Stress distribution on strain-measured line. (p = 30 MPa, o, nom=70 MPa)
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Fig. 3-20 Comparison of measured and calculated stress distribution near contact surface.
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TV 5. HEARENERICALE L7200, AREED - O OM AN o726 Th
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7 L DHEfIG Eg B LINERICALE L7 Z & 2B R L T, Eg2 5 0.1 mm OfERk%
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Fig. 3-21 Test results in pad-fretting test at plane contact condition. (p = 80 MPa)
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Fig. 3-22 FEM model for pad-fretting test at plane contact.
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Fig. 3-23  Evaluation results of fretting fatigue strength using reference stresses.
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4.1 #E

EEERERO D NS—EE T T Ly T o v T EERENEITT D &, N IERIT RO F
Yoo TN L CEEMANMET 5. 207, W@l b S—8k ) A #5121,
TV T 4 v TEREROFMNAEE CTH L. R EREREFMET 254 CIE,
Voedy e T AT R EO—FIT R0 ERRBRATON WD Y. LanL, B8
il I MBIROEBEIRENC L 5 7 Ly T ¢ W TEEFEIRIECH D7, — T~ &
FELBERERNE R D AMREMEN B 2 DD, HLETHRAT- LD, 7L vT 4 v VR
& —JFT R BEREDEERER A g3 5 &, AR S K O IR C I A O BEEE
AR U TH 203, IRIEAS/ NS WEEIR CIITE 3% 8 & 0 BRI NS 2b 2 &
PAESN TS XD UL, WEOBEFERICENE U D BERGA0m &2 thfigic
DNTIE, HAICH LRI ST,

ZI T, KETIE, 7Ly T 4 Y TEROEENRFM, BT Ly T 0 v T ERE
E—HAT R EBEEOLELZ B E LT, FIRTHRNEREELOT Ly T 1 7
FEFERBR E AT A b ) U RO— TR0 BEERBR A U7c. Rl L 78 ) &3
DENSEMEIOM™E R LX—EFHLT, 7Ly T 4V ZEEREE OISV TR
T 5. o, WEHZ VX — ORI 283 5 72012, BEflimir s ClREA (L&
ZEHAIL, BVREMAT E OREIT X 0 Bk o REGE 2 5+ 5.

4.2 EFRHARAZE
4.2.1 JLvyT1 VT EFERER

HIECTHRANEBEBRER DO 7 Ly T 0 o 7BRICKY, 7Ly T 4 v TEERE LT
fliL7z. 4-11TRT 8918, FHEI L7288 0 AR B o v 27 U & X & AT ML
TET/MELT, ZOEMEND 1A 7B OEET VX —52RHH L. Fiz,
L— ¥ S G (Keyence KS-1100) (2 & v #0040 (FEnHEID 11 71 ) ZFEf
BT, 155075 HAMED b ERAREZFEH Uz, MSFHMORNZ T & & o CHflim 2
P LC, REIATE LT BEFEM & FTREZRBR V BrE L 7.

T = L X — D IS B & HEZR T 5 72010, kT DR AT Z25HI L
7o X421 T X 00T, AFEEARGEE (15 mm) O CREfRE 2> 5 5 mm B
ToNLE CIREE 2 5HH L7z, FHALSERE, 4 51 Q RORBIKDESR) THhoH. BVEFE
HriZ L0 KD 7o efiim DAEN g & KIREEZEALE ATax DBRZ HN T, GHI ATme 22
5 BEfR I O EVE: A HEE U 7. BEfRIE I 1T 10~67 MPa, JE3 %0 2 44 (10 Hz, 20 Hz)
& L7e. ok, BARRYRBMREMAT T IEIZ DWW TIT 441 THTHRIRT 5.
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dslip

Fig. 4-1 Schematic of tangential contact force vs. relative displacement.

Measure point of AT

Fig. 4-2 Measure point of temperature.

4.2.2 —ARTARYERRAR

43R TATA R o FRO—FT 0 BEERRZ I L. rTEhf & EE
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Plate (width 10mm)

<

oy V4
/ Ring (inner diameter 20mm,
outer diameter 25.6mm)
Rotation

Fig. 4-3 Schematic illustration of one-way sliding wear test.
(Thrust cylinder type)
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Fig. 4-4 p =20 MPa, d,;=73 um, not break at 2.6 < 10’ cycle.
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Fig. 4-5 p =25 MPa, d,= 85 um, not break at 2.0 X 10 cycle.
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Fig.4-6 p =30 MPa, d,,= 140 um, not break at 1.1 X 10 cycle.
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Fig. 4-7 p =35 MPa, d,= 90 um, break at 1.4 X 10° cycle.
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Fig. 4-8 p =35 MPa, d,,= 66 um, not break at 2.9 X 107 cycle.
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Fig. 4-9 p =60 MPa, d,= 75 pum, break at 1.2 X107 cycle.
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Fig. 4-10 Comparison between fretting wear and one-way sliding wear.
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4 4-10(b)I21E, 45 HiCHIRT 2 —H T 0 BERERBRICIVBRSG LT —X 2R L
TWb. KRNOH LN XK1, 7Ly T ¢ VT EEREIL— TR EFELY b EERE
w7, T Ko TIZBEEEE 1/100,000 L FiZ72 5 Z E N ghot-. Fiz, 7
Lo T 4 TR — T ROERET, 1A 70 hiz) OEET R X —ICHT5
PEFRER DB (M7 7 7 CIHMEE IRHE) DRES B D200 0 8 CTh 5. —J7
9 R BEAETIIZOMEE N 1 THHDOIZH LT, 7 vT 4 v FTERETIIEE K
32 Tholz. AEIORBMEROIMNFICLLE, K licycle DEXIZT VYT 4 v T
Feb— T R EEFE (AL RERE) PNELI D EHEIND.

4.4 BEFHACLIEMEOHEEIRILT—DHTE

Fln D& 27 U & ZADHEED H RO T IHE TRV X — OFAMRE 2 R T 27291
B s CIREE B F-2A G L7z, BMRBMATIC & 0 SR 7o Heflim o ABVE R B
BOBMRE W, FHARE 2 & Bl o 5 B0V 2 5 L7-.
441 BMCERMEHLHBRER

BMREARNT OS2 X 4-11 18, fRATICH WP E A 2 4-1 1273, 12Cr SOEMR
W LB, SOk V& Ve, SR o AR q 12 2 &0 (02w, 2wW) kL. FE
BROBRBRENTHA T D &, RBHTIZRIT 5 02W O AZT, 04W OREEIZHY T 5

QAL 2KDT=8) . <t & BRIRER I WER A 2R E L, £ OMoRE IR E
BERGME Uiz, BMeEEf@ih 2858 L L, AMFZETIT 20, 50, 100 W/(m*°C)? 3 FliH
B LS E T

FEATIC L 0 B U725 RLS ORE B A X 4-12 127597, 500~1000 s #3425 &, 3
FFHOWT IO h 2K L THEHIROIREZE (b ES AT 5 2 & 2R Lz, FHll
RO RKIREZAL T AT (2000s IK§) 2 AZL q THRL72fE & h ORfR A X 4-13 12~ 7.
X 4-13 (TR L D1, h BEINT D1EE ATmadq 235080 207038 5. 4.4.2 FHTHRIB
T 5L 91T, BBRIC K VEUSG L72 AToedq 28 3°C/W (q = 1W) ThHHo7=Z Eovb, X 4-13
%:)Eﬁu\f/\lil@nft%f"fi BIIAhEHETSHE, h=38W/(M2°C)& 5.

Table 4-1 Physical properties for heat transfer analysis®.

Thermal conductivity Wi(m-°C) 27
Density Mg/m? 7.8
Specific heat kJ/(kg-°C) 0.44
Heat transfer coefficient W/(m?-°C) 20, 50, 100
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Fig. 4-11 Heat transfer analysis condition.
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Fig. 4-12
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Fig. 4-13 Estimation of heat transfer coefficient from test results.
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M—HMTRYEFELY /IO, MW EE = R VX — OB HFRZEN BE N
T, TP CTHEMENTWA LT Ly T o v VERERA OBER (=0
DN Z &R0, BEREMOEMm N GHEH S IC< WD &) &2 5.

4 4-15(b)isd &k 91T, FEEEDS 05 W LR T, W UREhO R E T+ 5 &
FHINZ KD AT BT L D B/ S AU, TR0 BOVNSWEECIE, EBRO%
A E AT U S ADERBD BRI LR 3L LD bAS NI LAERLTY
L. ZOXDITIREAWUNR T2 DI, Bl CHE SN D =R AF =S R 584

-82 -



%, XER2 TR SN TWS [Ty L)

4-15(C) 2R L 91T,

(AR RS O RARLIZE L TR IT A~
TN ZBHLAT D & EDORIR) DEMEN NS RDBELER/LTVDLEEZALND.

S & AT D ATpax (ICEDAEL 5T &ITK 6 pm LT TH

5. 4-100) LV, ZoltEnT Ly T 0 U TERERE, FEFITNIN ERGND

(#1 10° mm¥/cycle, #J50 mi/cycle ) .

Fi (kN)

Fi (kN)

o »® A N O N BN O ®

8
6
4 /.
) /
; /
, /
. /
-6
-8 : : : :
80 -40 0 40 80

Relative displacement (um)

(@) dy=65.9 um

T

/
/
/

7
Ve

-80 -40 0 40 80

Relative displacement (um)

(c) dw= 130.8 um

Fi (kN)

AT (°C)

/
va

//
J

74

o & A N o N A o ©

-80 -40 0 40 80
Relative displacement (um)

(b) dy=81.7 um

AT A A o A PN,y Ao [

,/ \ ]

/ d,=130.8 um

o P N W b~ O O N 0
~—

/ dp=81.7 um
/ 4
P AR
BT VAT AR AL
0 500 1000 1500\ 2000

Time (sec)

(d) Measured AT

Fig. 4-14 Examples of hysteresis loop of d..—F;, and measured AT. (p=50 MPa, 10 Hz)
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Fig. 4-15 Comparison between measured and calculated AT.
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ik O THE STV AE (3 B 7 EEFE 10°~10°mm?/N, = 1 /b FEEFE:10°~10° mm?/N)
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Fig. 4-16 Measured friction coefficient by one-way sliding wear tests.
(p=1.2 MPa, 2 rpm)
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Fig. 4-17 Wear volume obtained by one-way sliding wear tests.
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Fig. 4-18 Relation between specific wear rate and sliding velocity.
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Fig. 5-1 Schematics between tangential contact force and relative displacement.
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Fig. 5-2 Test setup and geometries for dovetail models.
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Fig. 5-3 Test setup for simple beam model.

Table 5-1 Mechanical properties of test materials.
0.2% proof :;fer:giii Elongation Redt;(;;i;)n of
stress (MPa) (MPa) (%) (%)
3.5Ni steel 760 860 17.1 71.0
12Cr steel (A) 610 745 26.3 65.5
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Fig. 5-4 Comparison of damping between 12Cr-steel and 3.5Ni-steel
obtained by simple beam model.
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Fig. 5-5 Frequency response curve of measured strain.
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Fig. 5-11 Diagram of deformation by fretting fatigue test.
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Fig. 5-12 Relation between Ky and ki, calculated by FE analysis.
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Fig. 5-13 Relation between contact pressure and tangential contact stiffness.

-08-



D HID k1L, km=Kie DERMIWHTT 5. X 5-12 [ R T HTRERZ AV T, HE Lz
ke GHEEH) 700 K OB ZHERE L72. Ke AR E W T, M Kl Ke 23/ S0V
DT Kie DFHMIRRAN KR E 725 Z LICHEE LRIT U R B2, RIFFETIE, K DFF
RS % LT ky/Kye 23 1/100 DL EOfEIE (K < % 1,000 KN/mm) % A %0 H & & 3%
L7z, ZORDEHOERIL, ke OFHIIIES DX 2341 KN/mm O & X, K OFHIIE S
DEN 100 KN/mm LA FICR2 5564 THSH.

RRROHFEIC LY, HE p & K OBRZ IR U5 R 2 X 5-13()oRwd. SCHk > ©
THESNTND LI, pEIETTHIEE, KN 2HRENE ST, BALmE
7= ) OFERRIAINE Kio/S A\ ZHR U7 fE % X 5-13(b) I/~ d™. & 2 T Se i, #fiEfETHh
% . f@tr Y 7 k@ ANSYS® Mechanical ™ i, BEfRIMEZE K/Se TANTHZ & 2EE L
TARMECEAE LT,

HJE & HLICERRIEME T+ 2B AICHOWT, LFICELET L. B3ETH~ L9
I, BN S OIEBEME &S dyy dy (da=dy) Z2/87 A—F L LT, FEEMME S L kgD
BAfRZ RO 7=, METHE R A X 5-14 (TR T, [X] 5-14 OHERHIZIL, da=0 D& & D Ky (25
T2 ki DIEZER LTS, K514 1T X D12, FEHEALE OB E T K MK T
THMEMEONTZ. 343 HiTERLEZL I, SRR CHE L-EEME S %
AT, BRI E OBHRAINE ky 2 374 L 728584 X 5-15 (~d. X 5-15 LV, [@/E
DR & SRIT ke MK T 2B, Bflim S Bl A IC BB T 2 R RH S LT
WD ENGND. T2IEL, ZOMRET CIERABRERENAT S A TE P, mE
I X0 ERAIMEDME T T 2R b5 L Tns B2 b 5.

095

09 r

ktm / ktmO

0.85 |

0.8
0 1 2 3 4 5 6
Non-contact length, d, (mm)

Fig. 5-14 Relation between non-contact length and k., change when d, =dy,.

-99 -



160
= *
: . %
E °%8 8
é 140 o *e 3
£
= 3%8 .
7] $
¢ 120 PN

-

£ s,
w
=
% 100
=2 QO |calculated with d,
e < |Measured

80 l [

0 20 40 60 80 100

Contact pressure, p (MPa)

Fig. 5-15 Comparison of p — k, between measured and calculated considering
non-contact length.

Roller bearing
Slot block

Slot block

FHIH
Test piece * }

EEEEE \1 _\ Test piece

Fig. 5-16 FE analysis model and mesh division for dovetail root joints.

Fixture block

5.3.2 A JT—)LiRRERD AR &M
BT T — VIR OffT &7 /L % X 5-16 12779, RET /L% VT, 3FEOMENT

(A IREh A ARAT, RIS ERRNT, &l P Cxd D EefbfigsT) % Uiz, Bifilim ohs
BRI Ke 287 A—8 L L, ERFTEORPERF5ICKREVWERE LT (Ky = 10°
KN/mm) . 547 71 & FHRHENL DSERIE O etk AT 21T\, IERIE O3~ 0 Bz oW T,
5-1 (R I ABRBERRIAINE K in 2 EFE L CXORBEEE L. K51 (27T X951,
Kie, im (X B & TR0 IKOE T DN 2 B RE LI MAETH Y, Ke & K im DI
A(5-2) DAL D L.

F Fo daip

= + — 5‘2
Ktc,im Ktc 2 ( )

- 100 -



-

0.96
:\:Z 0.94
0.92 e
20 | @
0.9 1 45 | m
60 | A
088 L—vvnd ol L o,
10 100 1000 10000 100000

Kic, im (KN/mm)

Fig. 5-17 Relation between normalized f, and Ky i calculated by natural
frequency analysis.

JE I BB DA SIS & LT, IEEE g & 10 mis®, R (A 0.1% & L7s. R
25 gL JITRT AISEME, MIEFHE OSZMES g 2kl CITREF) 12X EH
L7=. f##r Y 7 b i% ANSYS® Mechanical™ ver. 10.0 Th v, iS40 112,000, EHEH
1379 99,800 TH 5.

5.3.3 BFHERLER

(a) BEIHIRBNEARMN

A REEAEAT IS L 0 B L 7e, ki O SUBEGRAIE Ke i (AJ)) & EAREE
f, OREIMEH (X 5-17 1SR, HEIOMIE, 6 =20° Ky im = 10,000 KN/mm 0 & % O 4R
L f o THE L T DL X517 1R T XK 912, & TOEMMA 0 DM T, K im 238
DI D & BT HRERPE DN, K, im (2T D £, OB HIE, 0782000 & &3
b RELS, KWTH=45° 60°ThHDH. ZiLE, K58OIIRLILIIT OIS
IF SRR PASHT D £ OZALRAK X < 72 23R & EVERIC —E L T 5.

(b) HERAEOERS

JE B BOS BRI (g = 10 m/is?, £=0.1%) 12 & 0 RO 72 K im & 28 FL OREFR % [X] 5-18
2T, 518 IR T LIS, Ko imZBIEFT 5L RAMETT 5. K mlCHT 2 RO
WL, 0=60°D & EN{HRTH LU 45°, 20°DIETH 5 Z & B oyihnoiz.

Befih 0 LR C ORRA R L7caBRRE R (B4 5-8(a)) & FOfftrit R (X 5-18)
DT LY, WEOHBIZOW T FIZEET 5. P=40kN D & Z(2i%, 534HT
BT D K, im DRFEFE R (5-22) 12X D & K im 2359 1,000 KN/mm LA ECTHY, =

-101-



Fn (KN)

1 r
/s

’./'A/-
X

g

ey
0(°)
20 o
45 ]

A 60 | A
0.1 L L . Ll L
10 100 1000 10000 100000

Kic, im (KN/mm)

Fig. 5-18 Relation between F; and Ky i calculated by frequency response

analysis (g = 10 m/s?, = 0.1%).

30 r 30 -
Ae—eo— o o
L N 2 L \-\ 2
20 “E‘Tg—ig < 20 AN 3
us Ay o
10 ® 10 - u
015 | @ 015 | @
0.5 ] 05 |
09 | A 09 | A
0 Lo L \HHHi Lol 0 L \\\\\Hi Lo L
10 100 1000 10000 10 100 1000 10000
Kic (KN/mm) Kic (KN/mm)
(a) 0=20° (b) 6= 45°

30

10

L

0.15

0.5

0.9

>mEle

10

100 1000 10000

Kic (KN/mm)
(c) #=60°

Fig. 5-19 F, calculated by static FE contact analysis when P = 40 kN.

D& ETIEX 5-18 [TRT L DI 0=60°L 45°1281F D Fd 0=20°DfH L 0 & K& < 7
5. ZDOZ X, P=40kN OFEMETO=60°L 45°1281F 5 ¢, =200 L0 HR&E
WIRBRE R (X 5-8(a)) & EMEMIC —E LT\ D. —J, PO/hSWnE & (P=2,5kN)

IZ1E, MHERBRICE DL 0=45°D ¢ A2 0=20°L 60°DfE & W K& WiEENE S (K
5-8(a)). #ibd 2FHM (X 5-22(b)) 12k 5&, =45 (P=2,5kN) @ Ky im7® 100~
500 kN/mm EHEE S, ZDE & D FiE, 0=20°L 60°0D Fy & Heifls L TR E WMEB D &
% (X 5-18). PR OFHIITITIERR )RR OIRE) = /L F — 72 E O ER 3RS 5

-102 -



7o, FeDHT EOFHINATE 2205, R Uic KO ITHREER & IS EMTIic L D ¢ &
Fe D RNBER B IS LTV D T & imhol.

(c) HEAREDERA

BEMRARNTIC X 0 B LRt/ (P=40 kN) (2 X % B o vE# S By 2 X 5-19 [OR
T X 5-19 IR T L 9IS, BEAEOERT Fold u & K lIEFT 5. Bl 0 k&
VMEE, u & Kokt T2 FaOZBLENRELS D Z B ghoTo. AFETIE, &
oD E & LT u=0.9 &3 vz,

5.3.4 MRFBRBERENSHEMBITICK YRDEEREETIVYHEICET HER

NRAER THUS U7 [EARENL f, &R G0 6, AJMETH DI AR T
I DRI K &30 B dgp Z 0BT K0 Rl 5. FAUBRIC K DS G,
R L7 CI BRI CISEIS T 6 (2B 2130 FT VD (LW TRD . T K
DGR G ORI HT2 v, HAE OHE =121 F—D L RDIRE T FLF—U 1D
G &K % A(5-3) & FHV .

D

" 4nU &3)

S

Fo, ERmOEE =RV —D 1L, B F EFREMAHI< v AT Y RO mEE
NORG-DCLVEH L., HHICHIZ->T, F EHAEMAHC E AT U 22K
5-20 (2R 9L TIUAIE CIFELTE 5 ERE L 7=,

D=4 I:t'dslip (5_4)

AT T — VIMEE T VL 2 ERTOHERIE 23 % 5 DT, X(5-4) TlX 1 EaTH 7= 0 OfE %

W)

Tangential
contact force

t

»

elative displacement

Fig. 5-20 Assumed hysteresis between relative displacement and tangential
contact force for calculating dissipated energy.

-103 -



25 LTV 5. RORE= /L F—U 1L, EHT=RLX—U & OTHT LT —U; DR
T, BREMFEEFIOTEH TR LE—N 0070, UIZZTDLEXDOPHLT R
F—U; EFL <725 FEM AT O 2« DBFIZH T 28T L OFHNE dU 25HH L,
ZORFIE LT U BB LTz,

NHERBR TR LT oy 0, G005, BEEET VO (Ke, K im daip) 2 W FETIC
D EHTAFME Y 7 — %X 5-21 | _mff. ST —1X, LLFICRT 4 AT /773)[5%
RENTWD. £F, H1AT v 7 TiE, K517 107 T Keim & T OBIRZ AWT, F
LTz £ 20 DHERRE D Ky, m 25T 2. EREFIEIC KD B LZE ) P & Ko m®
B2 [X 5-22 IZ R T RIZE2 AT v 7T, HLAT v 7 THS L7 K im ZFHWT,
AR CHMI L7 6 1Y 2 F 22X 5-23@)z2 HWTHEET S, RICLVPAZA0HT2Y
DOF BT FHFE—U; & o OBIR (1 5-23(0)) 225, FHl o \AHS 5 U ZHHT 5.
5-23(b)NTRT & 91, Usld o2 1T L K im lTIEE A EIERIEL RN E NS0 5.
H3AT v T TIE, K(5-3)EXGA)EHANWT, sHllLIERE G E2 AT v 7T
BH L Fo& U ANT, 30 B dg, 25k 5. Bk, 5 THH LY Kem Fo
dsiip 22 AW TR(5-2) 2> L EERRIINE K WRIHTE D (GHA4 AT v ).

Input by vibratory tests

C? Output of friction model
E Or fn E > E i
| l | Lst i |

Kic,im-fn  (Fig. 5-17) > K im
> |« |
2nd v
Ft (Kic, ims ©r) (Fig. 5-23(a))
F, U _
U (K, im» ©r) (Fig. 5-23(b))
>
3rd VV :
(= DI/(4nVU),  (Eq.5-3) o] dip
D= 4Ft 'dslip (Eq. 5-4) :
>
—t =14 (Eq.5-2) |——»
Ktc,im Ktc 2 1 Ktc

D

Fig. 5-21 Evaluation flow chart for calculating physical values of friction model by reverse
analysis from dovetail vibratory test results.

-104 -



Kic, im (KN/mm)

10,000 ¢ 10,000 10,000 ¢
—~ g o)
1,000 E £ 1,000 < 1,000
C E g g
8 = > H
g =3 - =3 g
100 o g £ 100 : s 100 8
E § & 29 E o ;éﬂ E g
[od
10 10 10 =
1 10 100 1 10 100 10 100
P (kN) P (kN) P (kN)
(@) =20° (b) 6 =45° (c) 6=60°
Fig. 5-22 Estimated Ky, im from measured f,.
10,000 ¢ 1,000
I 7 100
1,000 - Z /
z : 7 = /
=3 g e E 10
. i 7 /1 K‘C im Dw C 2 Ktc, im
100 7 (kN/mm) [ ) L 1 (kN/mm)
¢ —— | 1414 : —— | 1414 |
- -—— | 424 / —o- | 424
i — | 141 " — | 14
10 L I T 0 - L —
10 100 10 100
o (MPa) o (MPa)
(@) F (b) Us

Fig. 5-23 Relations between o, and F, Us when 6 = 45° under various Ky, im.

FREFIEIC & 0 sk 12T T VDO ATMEA X 5-24 173 X 5-24()121F F/F, &
daip, [ 5-24(D)IT1T p & K DENRZTRT. ZALDRICIFBEMELE LT, H3EDT
Ly T o 7RI R R LI R LTV B B TR AR, fE
G3A T ERILIR D 1= OB R lEBIE T E 2RV, BB & L TR LT,

B 524@ITRT L 1S, FUFy &t IZOVTIE, 77— IR &
0 BRI LIRS RS, 7 Lo T 4 L/ RIRIC K O R LI (107 91 2 K A fd
DIHME LI L B 8095 2 L 2 W L. E72, B 524) k0 477 — A
PRABR TR Lo im0~ 0 BRI/ SV (0.03~10um) Z ERGnoT.

pP—Ki DBHRIZONT S, 7 LT o v 7B R & IIREER ) O ORFfE R 23842

-105 -



100 =
10
€
S 1
-5_;
0(°)
2%
01 - 8 Dovetail ig :
B f A tests %0 A
I Fretting tests | X
001 : L L “\\\H‘ ‘|
0.01 0.1 1
Fd/F,
(a) Ftan and dslip
10,000
X &
K.m$
3‘ S

i

§¢
100 i T

Kic (KN/mm)
S

Dovetail 1212 :
tests
60 A
Fretting tests | X
10 I I I | \\\\\\‘ Il \\\\\\\l
1 10 100 1000

p (MPa)
(b) p and Ky

Fig. 5-24 Comparison of friction model input data obtained by reverse analysis of

dovetail vibration tests and fretting tests.

- 106 -



—H LTV Z &0t (K 5-24(b). AFHIIZ LD & Ke DITH D& IR &
<, 0=20°0D K 7% 0 = 45° & 60° D & thil L TRV A S 5. Z o m e LT, #
ik O EES AT L YA 7 A OERT FyOEEINES L TWD EHEESh 5. [X5-24
(R LTC BT 7 L O (F/F—dgip, p-Ki) 23EGIRENEL f, & HEIERGR & ORI
ICHT>TOEERANMETHY, ZNHICHAT LT — 2 2EH L TETF ML ORE %
AL LTk, EHE—ECEOf L GORMIFEE R ETX 5.

5.4. #&

Pefihim OPEERE 71 & IMIRERERIC K 2 &R, AR OBGREH LTS Z
EERHME LT, EmoaEEz T A—4% @7 —R) L LEX 7T — /VEEINER
Bra LTchE SR, LLTofmaiar.

1) HEfilim OB ) & FIRHEAZ BT 5 BEEE 7 L C, SRR E R, &R0 & dgp,
BIOMWEE p &EEALE OBSEINE K OBRRICET 27 — 223, BEAREE f, L&
WEWEE GORICBIT 2EERANETH D Z 2R Uiz, IERBRICE 0BG L
T2 EAIRENEL f, & REEGR L G2 B WHRNTIC KV SR 72 Z i & O HEfE (FF—dgip
p—Ke) 1E, 7Ly T 0 TRBRICE D BSG LI S B —8T 2 2 L 2R L
7o ARFHIC XV, 77— UIHRRERIC X 2 Bl O3 <) &R IEFIT/NE 0N
(0.03~10um) Z &Rtz

2) X7 T —/VEERm OB 6 & EAAIRENE ., BOR I CICBIT 5 LU OFERAS Ra3,
RENVEATIC L VIR C&E 5 2 & &R LT,

- HEfilA O NSV E, FEH T PASRET D f, OB LERRE N
“P2Y40KN O & X(T1X 0=45°L 60°D {8 0=20°D LW k&L, P=2,5kN T
X 0=45°D { B KRICR 5

3) BEEUnEOT Ly T ¢ VB TR L7 BSIAE ke 7206, FRBRSR DML
(X DREIMEAMHIE LT, mIEp & Bt oBERRINE K, OB ZERE L. p 21K T
THIFE K W LB & LT, mEME T2 & Bl 23 2l i N I B Eh
THZENEGELTWDHZ EERLT.

SE X

1)  Srinivasan, A. V., Cutts, D. G., and Sridhar S., “Turbojet engine blade damping”, NASA
Contact report 165406 (1981).

2)  JSME Mechanical engineers’ handbook A4 (1984), pp. A4-28.

3)  Goodman, L. E., “Material damping and slip damping”, Shock and vibration handbook,
Mcgraw-Hill book company (1961), pp.36-1,.

4)  Irie, T., ‘Mechanical vibration overview”, Asakura-shoten (1994), pp.141.

5)  Csaba, G., “Modeling of a microslip friction damper subjected to translation and rotation”,
ASME-Paper 99-GT-149 (1999).

- 107 -



6) Sanliturk, K. Y., Ewins, D. J. and Stanbridge, A. B., “Underplatform dampers for turbine
blades: theoretical modelling, analysis and comparison with experimental data”,
ASME-Paper 99-GT-335 (1999).

- 108 -



Table 5-2  Experimental results of dovetail model for 8=45°.

P g Oy C fn k b
(kN) (m/s?) (MPa) (%) (Hz) | (MPa/mm)
1 84.5 0.025 399.70 —
5 175.2 0.066 399.40 19451
5 162.2 0.081 399.55 —
40 10 249.6 0.093 399.16 —
10 233.6 0.115 399.49 —
20 370.0 0.128 398.89 194.17
20 350.6 0.145 398.89 —
1 63.4 0.041 398.27 —
5 137.4 0.089 397.86 191.92
5 107.6 0.115 396.90 —
10 189.8 0.133 397.55 —
10 10 160.4 0.155 396.10 —
20 275.0 0.187 397.13 191.84
20 272.3 0.189 397.12 —
20 238.0 0.206 395.80 —
1 36.1 0.057 393.85 —
5 77.9 0.157 393.09 189.08
5 80.7 0.158 395.08 —
10 116.3 0.224 394.73 —
10 105.7 0.241 392.72 —
5 20 152.1 0.353 394.41 —
20 151.0 0.350 394.41 —
20 139.0 0.379 392.29 187.61
20 137.1 0.382 392.17 —
30 149.0 0.546 393.82 188.49
1 24.0 0.083 392.67 —
5 45.4 0.298 393.00 —
5 447 0.296 392.23 —
5 50.4 0.235 389.01 184.58
10 65.0 0.423 390.26 —
2 10 70.1 0.385 389.96 —
10 55.4 0.479 388.07 —
20 88.8 0.608 388.48 —
20 86.5 0.622 388.58 —
20 61.1 0.897 386.70 182.41
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Table 5-3  Experimental results of dovetail model for =20°.

P g Oy C fn K b
(kN) (mis?) | (MPa) (%) (Hz) | (MPa/mm)
1 98.5 0.022 | 40151 —
5 184.2 0.061 | 401.25 195.92
5 180.0 0.061 | 401.00 —
40 10 261.4 0.086 | 400.82 —
10 250.0 0.088 | 40061 —
20 424.8 0.103 | 401.12 —
20 415.0 0.107 | 400.89 —
65.0 0.035 | 400.02 —
1186 0.093 | 399.01 192.35
10 174.2 0.129 | 398.40 —
20 260.9 0171 | 39751 —
20 263.0 0170 | 397.42 —
10 20 266.8 0.167 | 397.29 —
20 267.9 0.166 | 397.23 —
5 140.0 0076 | 396.79 191.77
10 1784 0120 | 395.75 —
20 263.7 0.163 | 394.27 189.82
20 261.0 0.163 | 393.21 187.78
44.0 0.049 | 394.89 —
51.4 0.040 | 397.3 —
97.8 0112 | 393.19 189.84
115.2 0.102 | 396.40 —
10 142.0 0.165 | 392.83 —
10 127.0 0.184 | 39591 —
> 20 167.0 0269 | 390.79 187.65
20 1673 0279 | 390.34 —
20 167.4 0.280 | 390.15 —
20 168.2 0.280 | 390.05 —
20 1875 0254 | 393.42 —
30 2405 0.304 | 388.35 —
305 0071 | 386.93 —
342 0.078 | 390.90 —
, 67.2 0.194 | 384.45 182.54
68.5 0173 | 38856 —
10 725 0378 | 382.05 178.40
10 84.2 0320 | 386.84 —
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Table 5-4 Experimental results of dovetail model for =60°.

P g Oy ¢ fh Ky
(kN) (m/s? | (MPa) (%) (Hz) | (MPa/mm)
81.8 0.026 398.75 -
182.4 0.076 398.44 193.17
10 10 253.9 0.107 398.16 —
10 245.0 0.100 397.76 —
20 392.9 0.130 398.06 —
20 400.0 0.118 397.86 —
68.0 0.033 397.35 —
150.0 0.088 395.94 191.61
10 195.0 0.135 395.67 —
10 10 200.0 0.114 395.84 —
20 246.1 0.204 395.29 —
20 260.0 0.162 395.14 -
30 294.4 0.256 395.07 192.20
30 286.4 0.265 395.04 —
1 62.8 0.035 396.48 —
5 130.7 0.090 395.87 191.85
10 159.4 0.155 395.52 -
5 20 211.0 0.237 394.73 191.12
20 215.0 0.234 394.13 —
30 242.0 0.313 394.23 —
30 220.0 0.330 394.43 —
40.3 0.054 392.57 -
77.1 0.151 392.57 189.11
10 87.9 0.282 391.75 —
5 10 95.0 0.259 392.31 —
20 102.8 0.492 390.94 187.14
20 118.0 0.384 391.51 -
30 113.0 0.688 390.63 —
30 125.0 0.558 391.44 —
Table 5-5 Experimental results of simple beam model.
g Or ¢ fh
(mis®) | (MPa) | (%) (Hz)
1 90.8 0.024 412.96
5 192.6 0.061 412.88
5 197.6 0.060 412.82
10 256.7 0.090 412.53
10 259.9 0.091 412.49
20 401.3 0.102 412.05
20 409.1 0.103 411.99
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