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TR T RS 6T o0 M 3K A5 o Bl JE 0B BE AT A
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f EYTE R 5 @22 mmx10 mm [ H, & EFHE
Ja, £ 1270 CriE A 30 min, TEA =R, H
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1 TMMW SE€HIUFERS
Tablel Chemical composition of the TMMW alloy(w/%)

Al Mn N4 Mo o N H Ti

4395 3.03 039 038 0.068 0.0012 0.0011 Bal.

=
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Fig.l1 Friction schematic diagram between disk specimen and

dual rod
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(EDS) r#7.
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2 KWFER
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# 2 f& 40CrMo 1 TMMW [ g 5 # itk 2 3
M5 R, 7% ZE Ul B0 2 B R 2 4F, 40CTMo 4
A< B4 U H GB/T 3077-2015 A5 o X Eb & BEL,
TMMW &4t 40CrMo HNTE . th B E s, ZEL
N 40CrtMo — ¥ . {H TMMW &4 B BRI #H G %
MR =R, Fit, X2 XM EEHERZE
S, A IAD I R R AT K R ILAS R R
2.2 EBZRY-FEHZ%

K 3 AR 4 7552 40CrMo # A TMMW &4 5
40CrMo i BE FETE 1~10 N Zfar T BE 45 5 Kb B[] 11 4%
ok, —Mcth, BEEGIFERT 0o 2 BB, BIEE &
B BOAESE B B o BB B BRI N BE 45 3R Kt 25 1 (]
(R38N T B 0, X S B T N B A A —
R RE, 8 AR R THT P A 4 R REE 8 it 1) 2 A P At
AT ARG I, R B BRI R B 4 ARG M, S
BBER RBOR W N . BEAE BEEE AT, —H MR

B2 #AbFE F4E TMMW A4 XRD P &% 2 41
Fig.2 XRD pattern (a), EPMA-BSE (b), and TEM (c-d) images of the forged TMMW alloy after heat treatment

£2 TMMW &4£7F0 40CrMo MR IERE S it S 41
Table2 Propertiesand thermophysical parametersof TMMW alloy and 40CrMo steel

Thermal

Material Hardness, HVo.s/ conductivity/W-(m-K)' RT specific  Elastic modulus/ Poisspn’s RT yield RT tensile  Density/
x9.8 MPa heat/J-(g-K)! GPa ratio  strength/MPa strength/MPa  g-em?
20 C 400 C
40CrMo 281 - 37.7 0.149 210 0.30 835 980 7.85
TMMW 367 11.4 16.8 0.629 150 0.23 745 880 4.03
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Fig.3 Variations of friction coefficient of 40CrMo steel against 40CrMo steel with sliding time under different loads: (a) 1 N, (b) 2 N,
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Fig.4 Variations of friction coefficient of TMMW alloy against 40CrMo steel with sliding time under different loads: (a) 1 N, (b) 2 N,
(c) 5N, and (d) 10N
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ILND &, 2 Flobd e} 0 JBE 5 2 250- ) [] it 46 72 72 i B 3%
b P B . XIS, 40CrMo-40CrMo X EE I,
i 2 1) B G B B BB, PR R R EOA B R I R
4 (£160s), K2, TMMW-40CrMo X B&
i 2 1) B G B B B BOK PR R R EUA B R I R
B (£52005s); (2) 43 i 2N, 40CrMo-
40CrMo X} B& I (1) B & By [R] B S 42 = (29 700 ), HAg
SE BT B 2R AR TP B T TMMW-40CrMo X BE I,
R LRI BE S Bt (2 60s), {AILFER BLEEHE
REEMBRMPEE), KRERWHPEMELZL: (3 MH
BATHE 2 S~10 N, 2 FhPRbxs B h 2 ) B 5 B B R
N, “HMESIE S 1N R AR, (E2 ek
AR E B BOGS B R EE R R AU 2L B NS A
2.3 ot R R AN E R R R0

& 5 34 40CrMo 1 TMMW & 45 40CrMo 1 B #
TE 1~10 N A T 0T BE I 57 25 JBE #2240 % B 457 2 )
AR, HE Sa v LA, 3 1B R R AU A A
AR AR R 22 7 o B B 4 . (1) 40CrMo
5 40CrMo 2 [A] A BE ¥ R R I FF B M % . 4
oM A 1~2 N B, R RECT B HUE R FFAE 0.5~0.55;
M 10 N B, 3 (A R R A Ok 34 0.75,

T L AT 1) 52 v B AR B B AR JE A B B
(2) TMMW 4 45 40CrMo 2 [f] ) BE #52 R A2 L%
WS 38 I S5 R AR A A . 484 2 NR,
TR B R BOL PR KA (29 0.65). XFLHLRE,
L RAL (1 N) B, TMMW-40CrMo ) BE # % %1
%) 0.45, 1 40CrMo-40CrMo 1A% 0.5, B 40CrMo
B =T TMMW &4 938 b T 85K (2~5 ND
B, TMMW & 4505 B BE #2 22 4= T 40CrMo,  HLB#
HHRA G, AR AR, B 5 N B,
TR BNE KR BE R E (10 ND |,
TMMW & <0 B 1) B8 58 22 500 2K T 40CrMos

H T 40CrMo Al TMMW 2 Ffi o e} 5 51 2 A7 72 £ i
G 72 50 S T I I 2 R I A A I A 11 A A A
XF B 5b AL bR BOG HOR 1] Sco BH S 45 2 A 45
BT, BEE AT 1 N # % 10 N, 40CrMo 5 TMMW
EE AP BRI N, SHHoRE, B
TR 2 2 P 3G KR (3R 3D PR E
IN#IIE 2N K, TMMW 445 40CrMo ] BE %
18 11155 2 75 T 40CrMo-40CrMo, 2145 I 3 45 i
WATH 2 NFE—PWIME 10 NK, TMMW 545
40CrMo [ B 45 56 1 K 3 %6 1 25 PR A, (O K T 49 0.88
£ (10 N #faf N HIEBHE N 1.88x10* mm¥/(N-m), N 2N
R 1.0x10* mm®/(N-m)f 1.9 54 4. 2R, 40CrMo
55 40CrMo HIHH 2 N 84 1 3.86x10° mm®/ (N-m), K
Mg EEBE N ZE 6.97x103 mm3/(N-m), HEK4] 180.6 1. 1] I,
TMMW &4 5 40CrMo Xf BERS, ZERUREAT (2 N),

—o—40CrMo-40CrMo b

—o—40CrMo-40CrMo c
1000 F —o—TiAl-40CrMo
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T
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Fig.5 Variations of friction coefficient (a) and wear rate (b-c) of the 40CrMo and TMMW alloy with the load against 40CrMo steel

Fz3 AEHFBT TMMW &% 5 40CrMo 23] 5 40CrMo 3
E B Y 95 B 4 iR R

Table 3 Increase rates of the wear rate for TMMW and

40CrMo under different loads against 40CrMo steel

Material 1-2 N 2-10 N
40CrMo 8.7 180.6
TMMW 30.0 1.3

AR TMMW &4 H S 1B E &5 T 40CrMo, H
R E RN (4 10 N), TMMW & 41 B 5
EHNFEA 22 H I B0 R B A, T A R P S AT
T 40CrMo ML B F B (1) B 451 R 448 K a0
2.4 BERFERSHEBIES

Kl 6 [t 3K 4 /& 40CrMo 5 40CrMo 7E A A8t
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Fig.6 Wear scar morphologies (a, c, e, g) and wear mark characteristic analysis (b, d, f, h) of the 40CrMo steel with the load of 1 N (a-b) ,

2 N (c-d), 5 N (e-f), and 10 N(g-h)
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B TR N BRI R (20 #ATRUIRES (1~2ND,
TE B IR ARSI ) W S R AR BB, FL3RAnT A 1N [ B JRR
EPEHR I R S TN 2 N BB, T8I A 2 SN
B, REBEHREEI R . HER 4R, XK B
SR, IR Z X O B T R A
A, XA L E AR S SO AT e . R
YLD, KT 5 N #ff it ATl 6 s AN Fe ot
K, U AT DAHERT Y AR TE B 5 1 284

A [ 4 40CrMo-40CTMo Xif BE T i% 1 B i 4
IEE— L KB (1) M3y | 2N B, BEIREREE
B, R EOKIRE N 5~10 um, B84 BN 254.7
A1 634.5 um, BIFEEZRMH INRAE 2N G, BN
e P3G N Z AW 2.5 £, T B R A K UR FE RS N2y 1
Y, ORI BB R E 2 s (2) AT
FHAE SN, BEIRREPOEIE N A 60 pm, Z1°4 2 N B
6 i, [FI BRI 58 £ B O 2303.8 um, Z1°4 2 N B[
3.6 fi5. LR, fEZEMBUERGT, —HRET
Ty B BB (3) MY 10 N B, BRI E
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— I A 90 pm, BEJR B RN H K& 3399.5 um, B&
PR — DR Bk e W, KEE N (1~2 ND,
40CrMo 5 40CrMo 2 [A] ) BE H 30 R I A+ 43 B &, T
—H#EMHEMZE SNJGE, WHEZRMEBRIR M,
BEB A INR, B IR IR IR, S BUB IR N T 2~3
MRS W E U, XS 40CrMo 5 40CrMo
8] F) B 41 e o -4y ELOR, IR 5 i Bl 3 Z A1)
FEHE R BRI INA E YRR

Kl 7 & TMMW &4 5 40CrMo 16 A [A 3 67 T &
1 SEM K [H B S A B IR FRAE r pr & R . R 5 2K 7
W R LT A B EDS RERE T 5 R . B IR RS
MR EE R T LLE 3], 5 40CrMo-40CrMo 2 [a] X & 2
8L, AT N TMMW-40CrMo JB% IR TH AR B &b v TR 4k
fif N EEIR AR - 7% Z UL 12, TMMW & 42 5 40CrMo
B i, B IR AT AR K B I AL VE R VR BT ) R S K
JOR A, [V SRS B — R AN 0 B, X R LR
WS R B A BEUREAE WO AR AL ] A B L B 4 R 4%
R BE 4, 1T H 55 40CrMo-40CrMo Xif BE AN [A],
TMMW-40CrMo B JR& 7] DL & LA 75 B 2 1) 28 14 A T T
P, HARRLHEARNG, Ja OB T EIRA M
wig. HE S-SRI, £ TMMW A45 40CrtMo
JEE P 2 b B R AL LR T R . R,
TMMW & 4 N B A R i i A, 7800 B A2 4
HREARAERESREL, XEE&F W InRSE
PLEA MR ZE VIR R,

AN TRl #ommr BE R TSR I (1) #iAi A 1~2 N
W, BRI IFAE, R KRES 3 um, %%
Iy 5N 443.8 A1 829.5 um, BIBEHE HATH 1 NI 2
2N, BEIRGEENIE I T 165, B IR R KR E R K
AR, AN ORIV B BRI s (2) AT
PEFEE S A LON Ji5, BB IR 10 95 FE RN IR FE 3 B 2 1
BT 5 N I VA ERUR B e ORAE N 20 pme HAE 1S Ui B
M2, MR H SN IREE 10N /5, IR %R AE
JE AR H BB B i A X 5 Z 3 JE B TMMW
45 40CrMo Z [A] R 7 AH 0T B2 8 (1) BE ¥R R0 % .
55 40CrMo-40CrMo X B& 45 FRAH LB T LLE H, (K3
Wi (1~2 N), TMMW-40CrMo B i 55 J& B 5%,
T BB IR IR 353 5 8 B AT I (5~10 N, TMMW-40CrMo
X EEVERE LR FF AR AR, IR R AE B B

3 WRERH

3.1 40CrMo/TMMW-40CrM o FE2E EER #]] I
WEMS, SREABERANEREECREFE

BEIG. BERL BRI, R O7 RN SR R SR 08), Ry A

A4k, AnnE AT« X BRI L BRI B A R

W VR BEERAUASE, R R B L
AL 0201, pFE R TEEIR S AL RE AR
T 3 E 5 ARG B A0 AN B R B B 3 . P B A B A
F2 T AF A 0T I2 B 7 42 fik R 1D ER T 4 TRD A ) 04
FH T = A T A S 3 0 BB P 2, B R A — A
FM 78 28 o — AN 3R P B B 40 o 1T B A B 3
T A X 32 B 1R 1R 4 floh 2 T b A o R B A SR T
(R PR A BE T AR I BB D “RDI L 5
OO R LR AR R 51 I 2R T 48 49 5 2R T A R}
S8 e ) e O W G T AP e [ 2 e = A1 N
X B DARE A BN T, TR T S5 1) ) )
ULV RN . 7E S PR O R, BRI T
R TI 2 5 R A EOR BB ARAT b, ST R R g A
SRR E BB RS EE R R X T
S A B, B DLBS LB 45 O b, BE A A
T, FrIAEARN JIIEIN,  [FRE AR AT R A — e FE
i B

S FASHE 7 57 Y 40CrMo-40CrMo X 25 [8) fh 4 J& #4
JOR B AT B, BT A T RN 5 JuAE I, DR DA
FEBICONE. R, HIKEET T 40CrMo-40CrMo
XFEEAT AR B, B IR AL A AE B R R AR A AN TR IR
(K 6a Fl 6¢), FITEAMF FE A X BE 644 T 38 2 18]
WA R AR ERRHME, mEe FHT A
FITEIL G, X LR8I AR o Bk 22 13— 0
PR BRI R 4. Rk, 40CrMo-40CrMo BESALH
RLCAREE BN, 32 f bl — 2 A BEA0URT B L 451

X TMMW-40CrMo X 2 6] 44 3 AF g JBE 45
B, T 3 R X 2 i D S A REL R e 2 oF 250 ) A
TR ERVE T, PR o B R rp 5 kAR B K
BEAG o B R B 4 R B R AR T Ak Ak P N D BRAG, TA
AHY ] A 5 T 77 A B A BN VA BRI, LARFAE N TE
JEE ¥ G of A 3R T W 0 30 7 Tl B ORI . E R 2 T,
TMMW 5 40CrMo ®RUA# . (HVos) 4374 3596.6

F4 6 R[] &7 T 40CrMo BEIRLE EDS A T E R
Table 4 EDS analysis results of marked the wear scar for

40CrMo steel under different loadsin Fig.6 (at%)

Load/N  Point Fe (6] Cr Si N C
1 31.38 68.62

87.16 10.33 - 1.03
3420 65.45 0.36
96.69 236 0.95
80.10 10.51

40.67 - - 17.87 31.92
98.07 - 0.92 - -
78.96 4.77 - - - 12.74
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Fig.7 Wear scar morphologies (a, c, e, g) and wear mark characteristic analysis (b, d, f, h) of the TMMW alloy with the load of 1 N (a-b),

2 N (c-d), 5 N (e-f), and 10 N (g-h) against 40CrMo steel

A1 2753.8 MPa, % Z{Hik%| 842.8 MPa, [Ath, 7E
AR B R B A I AR R A 2 (A ALV BONK 2 B
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LI I8 AR T R E W i A AT 1140 38 o 2R 3045 B o B
o R, TMMW-40CrMo BE 45 AL DA BS b7 5 453 0 32,
[ A, 2 i — 21 250 5 5 0 DA B B 5 3 51 ) 48 1k
B

0 /=

3.2 #E7F* 40CrMo/TMMW-40CrMo BB EEIRITH

=AU

X LN TR B AT T ()~ 2 R i R T R (5D,
ot 2 B {2 20 40CrMo Al TMMW 5 40CrMo 18 2 8]
(PR FE R A, FLERART X 2 F 4 S A I %) 5 e B4 O R
B4 — . X T 40CrMo-40CrMo X BEIS, FEARE i
(1~2N) R, FEEERERFFA AR E, Il A 34 1)
W, BEEE R AL 2 LR TMMW-40CrMo

XFEER, BARTEAREAT (1~2N) T, BEH R EE 4 %
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Table 5 EDS analysis results of the marked wear scar for

TMMW alloy under different loadsin Fig.7 (at%)

Load/N Point Ti Al Mn w Mo

9 53.73 42.46 3.01 0.40  0.39
10 50.36 46.80 2.84  0.39 0.38

1

11 59.63 36.65 3.02 0.41 0.39

2 12 59.51 36.03 2.46 0.41 0.39

13 51.72 44.71 2.74 038 0.42
> 14 48.58 47.26 2.64 043 0.40
0 15 58.04 36.96 2.92 0.42 0.40

16 50.86 45.76 2.59 0.38 0.41
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WA (1~2 N) B, 40CrMo-40CrMo X B 5 £ 7E B JH
LB R — & RN ANAL, B | N KX
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BE A e i — iR e, B R E A AL LT R
REAR I 2. X S A AL 4L 9 3 B T 76 A4 R A LR
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i N, ZREAA LT DL R R B A, AT
—ERLSE b PR B R 2122 3 1 T IR A ) 4
A, (EREE R RE G k. B,
40CrMo-40CrMo TEAR A7 T %f BE B B8 #5255 HI0OF0 B i
RERI EZ R R 0] EH R PEC T i B
HBE A A A 0, PEEE R B BE 2 3, BEHRAT A
IR, ER B ERNIERRCE 2 MENHSR, HEHT
LB A G S BRI I & A 2, SRR R A&
JEv&, AT RIE RS T A A A& &, HRENEA
47 R R 5 A v A A KT R A B TR B R, R
VBRI, X2 A N 40CrMo-40CrMo X &
BRSO RN EZEER. H#, 40CrMo-
40CrMo X & [F) M 5t A5y BE R RN, oxf B 75 v 5
RAEFE B, HBEA SR, S 5 ) 1
I, & BRI IR, TS 110 N gy 2644
NI ER 1~2 N g 1 M EE g

% 5 Al %1, TMMW-40CrMo X B Ji5 75 BE IR A7 &
I AR AW BV ENH R AEAE, L, RS IE
A LA T A A D, 315 PR R R B 4
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E . TMMW 4455 40CrMo Mo BE R P2 A Ak A 41
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ARG R EACT 40CrMo (400 CH, 40CrMo
218 TMMW (1] 2 £i5), {H[F B3 b 880 (E JL-F 2
40CrMo 1) 4 15, Kk, 7EX BRI FE R E TMMW &
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A LR A ) BE R A S L R T . AN, XEF
TMMW &4 H 515, 1 &AM 2 0] 2 AR
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X P B R R LR AL AL L. T, R
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P L P45 5 AT () B R AR A R, R £ i [ B
R, Y BRI SRR, e AT ] P R
RECZ AT MAFE S SR/, X AT 5~10 N 2614
T, TMMW-40CrMo . [B] B 45 52 50 31 AH X A2 € 1 &
BEKN., H%, BT TMMW BT 4&BE&Y, I
P&, H TMMW-40CrMo Xif B J& T AN [ 44 J5i 18] )
P, DRI, RS A X A PR i 2kt R R R AR
B R B, MR OR e T R A AT A A
I 11 JBE 458 3R HORN B 451 %
3.3 fRLAZEHIFT TIAl it BB L aE &2 00

546 48 6 JE a5 AR AL, A 285 A AL 2 0t
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A 4 1) JBE R SR R D TR B S B B b, BT R —
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STH T Ti-25A1. Ti-40A1 AT Ti-53A1 () EEHE 221 g, 3
T A5 400 BRI Glion M oty E EE KRN 4ipH . A[E
JEE VT FE RN B A T, 3 P 1 R B R AR /NI 35
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Table6 Hardnessof the y, a2and g, phasesin TiAl alloys

Hardness of the

phases/GPa Order of hardness
Alloy —  for different phases Ref.
y a2 Lo
PST TiAl 6.8 93 - 02>y [29]
Ti-43.5A1-4Nb-
1Mo-0 1B 6.8 83 8.0 a2>Bo>y [30]
Ti-44A1-5Nb-3
Cr-157r 6.8 - 7.3 02>y [31]
Ti-44A1-3Mn- This
0.4Mo-0 4W 585 6.47 7.02 Po>ar>y study

BEAT AWE AR SE, Sooly A 2 A B M 1 85 5 41
LR B T B T AN EE R . ML S, AT R
1 B2 2518, AH L BF I BE 14 H Al 7 40

Sy J7 T, AR R R R P R X —
T B AR AR, WEREMCOK, MOBHRPUSAEAR Y . AR
T8 RURE R (¥ 8 77 85k, B LA e 5 R R T 55 12 i 5
M. £ 6 FAWFH TMMW & 4 M — L6 ST ik i3 11
TiAl & & W azs Bo FlyAH A0 B2 IR 45 5 . AT DL
(1) p-TiAl B & F oo o FyFH B RE FE 485 S 2
B DX, X R RO AN [R] o6 26 A 09 [ 7 5
WAERAE; (20 X TAFE B TiAl G4, a2 F
Bo AH I Sk S i B2 5 3 = T oAH (3D AN TiAL & 4
R, oo R Bo A = 2 S AR FE K/ H AS AR A
AKX B TiAL & & W R B> aze &5 A IR 5 BT
ANHE I B HE 7N TG R I oo AH B pAH B AR R 1
i B8 Pkt 5 AR B s W B A =YL R K
WL R, X T AR R TMMW & &, B M)
Mif BEAE N B ooy pA AR . TFEUWMME, Sas y
FATE, Bo MTEZE LR T — FhBE M AH, BE A I 1)
WE, EASSRERNMEREES®BERKED. B
I, TMMW-40CrMo 7E @ # B (5~10 ND 5% B I
JE5 IR A H BB B () M R R R X R S A T L T
A3 B HHE & AL L.

4 % it

-

1) &R TMMW & 44 1270 °C/30 min/AC+
850 ‘C/3 WFC #b# 5, BIHL G Haly v EH L
H Bl po/yiR G A AR, Hrh R JZRIEZ N 35.5 nm,
Ha FEHFTH T/ %L 5 40CrMo #44H L, TMMW
B FL AT T i R | L AR 7 R B AR 1) % B A A T 2R

2) AN 1~2 N if, 40CrMo-40CrMo FEH% 2 %
FRBE R FFLE 0.5~0.55, #FATH 2 N HINZE 10N,
JE 5 R ECT S HUE B ARSI = 0.75, XL
KB FE LN 6.97x10° mm*/(N-m); HmH 1N

BN 2 N, TMMW-40CrMo JBE # 2 301 34 £ fH h
0.45 ¥IN% 0.65, FEAEH A HHE— DRSS 10N,
JBE B A BT S B R AR E X N R B A R O
1.88x10* mm?3/(N-m).

3) 40CrMo-40CrMo FJ B A5 AL ) LA A JE% 4 0 .
2 P BE — R SR 5 KL I 45 . TMMW-40CrMo
0 B AL ) DL B 4508 T, R RE B = P BE R L
6 A5 LA R IR 45 51 ) 2B AR

4) TMMW & & A IO BE BE RN A Bo™> o2
>y, EFIRTEEFMNT, o MBI BEPEN ooy y
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Comparison on Dry Sliding Tribological Behavior Between g-Solidifying p-TiAl Alloy
and 40CrMo Steel

Wang Pengjia', Li Xiaobing?, Peng Baoying!, Liu Xingguang?, Pang Yingjie!, Liu Kui?
(1. School of Mechanical and Electrical Engineering, Beijing Information Science and Technology University, Beijing 100192, China)
(2. Ji Hua Laboratory, Foshan 528200, China)
(3. School of Materials and Engineering, Anhui University of Technology, Ma’anshan 243002, China)

Abstract: The f-solidifying y-TiAl alloys have higher strength and service temperatures than conventional y-TiAl alloys, but currently there is
still a lack of systematic and in-depth understanding of the tribological properties and wear mechanisms of this type of alloy. In this study, the
dry-sliding tribological behavior of a S-solidifying y-TiAl alloy with the chemical composition of Ti-44A1-3Mn-0.4Mo-0.4W (at%, named as
TMMW) was investigated. For comparative purposes, the tribological behavior of a common 40CrMo steel was also examined under the same
conditions. It is found that there is a significant difference in the friction coefficient values between TMMW and 40CrMo, and they exhibit
different patterns as the load changes. The friction coefficient of TMMW alloy first increases and then remains relatively stable, while that of
40CrMo steel increases continuously with the increase of load. The wear resistance of the TMMW alloy is superior to that of the 40CrMo steel as
the load increases from 2 N to 10 N, and the wear rate decreases from 6.97x10 mm?/(N-m) to 1.88x10* mm?/(N-m) under the load of 10 N. The
wear mechanisms of TMMW alloy are mainly abrasive wear, accompanied by some adhesive wear and plastic deformation caused by abrasive
wear, while that of 40CrMo steel is mainly adhesive wear, accompanied by certain abrasive wear and oxidation wear. It is observed that these
phases are followed by f,, a2 and y in decreasing order of hardness. Therefore, the wear resistance of the f, phase may be superior to that of a
and y phases under the present conditions. Meanwhile, the presence of S, phase makes the alloy prone to plastic deformation during grinding,
thereby maintaining a relatively stable friction coefficient value even under a high load of 5-10 N.

Key words: g-solidifying y-TiAl alloys; . phase; wear; friction
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