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An Experimental Analysis on the Maximum Allowable PV
Value of Oilless Composite Bearing Materials

Ho-Sung Kong, Eui-Sung Yoon, Ki-Soo Chun* and Gwang-Ho Song*

Division of Mechanical/Control System, KIST
*Department of Development, Hando Precision Industries LTD

Abstract —Maximum allowable PV values of oilless composite bearing materials (70% epoxy-re-
sin/30% Graphite) were measured and compared at various types of test rigs that have different
contact geometry and the operating conditions. Test results showed that material failure was mainly
characterized by the sharp increase in both coefficient of friction and surface temperature, and
different PV values were measured under different contact geometry. The discrepancy in measure-
ment of PV values was analyzed in the light of theoretical frictional heating analysis. Results
show that surface temperature rise depends on its contact geometry, and PV values could be
overestimated in the testing conditions of high sliding velocity. Test data of different contact geo-
metry were normalized by using a normalized contact pressure and sliding velocity; it showed
a good correlation. This work suggests that normalized PV values could be more effective in
evaluating bearing materials than conventional PV values for a design parameter of journal bearings.

1. M 2
2.2 veo2l(oilless bearing)e F& B =L
A4 E971 5o 59 #3xA, we oR=
FE9 o]EAHe f3le] AsAY, FAskE 3]%—
ol &3le] FxRA 2 F57) EoHsE s
8 B FFH3E Ad¥EA s ﬁl]‘ﬂ“o‘&iﬂ
Fafdlel=d, =2p7]f-8u o) el(self-lubrication bea-
ring) 3! 2.2 gf-vl o] 2(oil-containing bearing) 5
A= gl sddis ol ZH’Qﬁ“
a5, BelaE, Al 5 AR 273 A uelAd
oheFEtA AMEED 9lon, SXe uebidy 7 A
BEEY AHES FHH2z o4y Y3l Aa
55 Aoz Ad3l SfAgEe] o|&EHr®
g1l dE 5o Febad Ase Addoez A
Ao 7ol 43t A Fe &
8k

sHA17ie WA B gt o)

2
g

h

A A} O
L2ALD

ZL A

=A%
Ao

27

HEE S ke A5 AU elea), A
Ak FENURE R, 53 W] Wolxe
T AR ARl Gt B AU otk & AP

oA Al (epoxy) A o] Eebkrae mafe) 278 BT
A7) 7] $]8te] wAf& A< graphite & Fafv] &
30% H7Vste] Al2gh H3| eolel s wlole) HAg
o g sted, A7) A9 vl vpw 9 FHEAS
fgzﬂx«loi z.z%z;]—o“ E.z_«] ] g\lﬂq

Ao g o]y Wl Ha|(bush) Fol A
e el s vlofyle) ARE B AlgHE Qg e
Fioll webd =z daks W), o)e) 7o *}9—
Sl olaf A AL F 7 Eo] A3 glch wjoy
A A A AHEEE F28 AMHEEA e 35];}]:5
WP, N 91228 S5 (v,,0), FNH & PVIH(maxi-
mum allowable PV value) ¥ 38 25(T..0)
ol ddon, o]F F Hus| & PVizle] wojale] %

() K3
AR 5 ole T3 AAMES e 2] Huy

=9

6T



28 T A

4 PV 598 EARe 3E
'rEr‘)“ [qa}, oéupd oy T
A zAboll A A3t AT 3}
|, AR HoE 4 PVle] A8S
FAFog2r FFESFE] 3] & Wub ohjal
AAHO R AMSEE HETET 21 Y 827 Fol
ey 7o oM olE %é’kgl Al A
o] 3bsbA "ok 58 PV A 71E A9
g AI[3]E =9, Hds$ PV’k-"— Hols) Q559
1004)7F AHEA] 0.001 in(0.025X 1079 m)e] 41§ o}5.
&(linear wear rate)o] WA= 7L V|Fo g sta
ok v g Fehad 25 Eefe] B2 2]
SAES Hrislke Al AFubgel & «lzA
ISO TR 8285[4] A4S & # ded, 47 Ad
W ol A= HEFHo] 2 EdHconcave) block ﬁiE}]J
FepaE Al#H(He], 20mm; % 10 mm; FA, 1

m; A&EH W7, 20 mm)o]l &9 ring(27 40
mm, ISO 683 steel) X\ plnYPHE %5 3=
A3 el 2] block-on-ring @42 vlFulw 2§
715 M8t = A skal dok “12v} ISO TR 8285
o F4H Al¥7E AMgste] Wy Ame EA
EQ HoaHsh HuivlnEx 9 g PVHS
A A gl dAIAHORE w ol 2 A Mol FH s}
t}. Concavedt £5A1H3 78] 8 ddye] A
=771 stellA] 2 AEHEFHMp) 2319 Y-S
H3l7] oJulf, 217 40mmel & FZHte) o|;
HAE 5 sl 5 m/sol dshe %ol nn
HEe 2745 A T8 5 ¢l7) diteln) opeka
B Aol = A Em 2] dAfo] flat el W concave
HeNE 7t FefpaE BEAIAER 8 mwe] Y&
&= block-on-ring A& 7] W t]2A= el o] A%
A= dro] vjmg HEFP-FE s ball-on-diskd ©
ohdut e A|f7]E W Algalmea Abr)e)
A PYES dAFstnx slglen], o]g} 3o
HEx7e] o2 A7) FFel gy & OEIL
ol gel viaEvly =xMusiel olE =
WHalel wlet )54 PV 23 3le] wWslsl= & }
Hale] it

N

X

Jh‘ ) -‘l»'

N -p?l_‘
o Lo

_.-.1-
r_x_.t:.\.‘._.

E5E PV kel 0IEH i

5] & PVZES 2iduolg,
4 #xdimi)E AHARE F
the3} zro] Aol whe|E )

AR 5o AEE
2dh AAQRREA,
w e

apael Fe

Journal of the KSTLE

2,
3
>
ofy
)
fot

SINK CONTACT 71:
PROPERTIES A b _,
HEAT SINK FLAT 1:
AT T PROPS H, .k 8,
FLAT 1 yomion A
_yorol
FLAT 20 —t RLAT 1.
HEAT FLUX ARKA A, 4 PROPS H,.k ,2,
HEAT SINK
AT T,

SINK CONTACT 2:
A: Flat-on-Flat  rrorerTiES A8,

F

SINK CONTACT 1:
PROPERTIES A_,h .,

BALL PROPERTIES
Hy. k.8,

FLAT PROPERTIES
H, k,.8,

'
N Z
/7t \
21, —e MOTION, V,
An =2

B: Ball-on-Disk
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disk).
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Table 1. Equivalent linear heat-diffusion distance with various contact geometries

Configuration Equivalent linear heat-diffusion-distance Equation
Flat on flat l1b=11+—£'1‘—§; i In=l,+ :c;.i; ©
i i 7 Aqk r 0.9na, 2
P disk T _Ani — _To -1 [ > ]
in on dis Iy 5 T Ah, ' lo NG tan v 6)
i Vir, Ak o _ X 2
Ball on disk llb:"—zr +-7A—d-h:l1 , IZh:# tan 1[012:32] "

Table 2. Physical properties of the composite materials

Physical property lMeasurement! Unit Test method
Tensile strength 3960 MPa |KSM 3006-93
Elongation 13 % KSM 3006-93
Compression 9831 MPa |KSM 3008-88
strength

Specific gravity 1.298 - KSM 3016-90
Hardness 94 HRM KSM 3037-93
Impact strength 36 Kgf.cm/cm3KSM  3055-83
Glass temperaturg  169.9 (¢ DSC*
Softening point 152.4 C KSM 3065-88

*DSC: Differential scanning calorimetric measurement

_W_ uFv
Td A

v A g pe) dAsthn spAstd 4] (3)ellA
PVgle] vt ofgt LxAb4o 73 Hyrt HH,
o] & WdAFeln RE7|E Fo2] Uuhwleiael
glolx] PVZLel o8 ¥ graphite/d 7R 3442 &
A Eefad wolE o] 79 oF 0.35(MPa m/s), kel-
met Wl gHF2) A% oF 20,0000MPa m/s) AR
A[2,3], ZetagA wlejzlo] 54 Wy Bl
vlgle] Ao s &x A ZA HFHE o9}
2L AREY HAHFHEPVHY AHFA vagy
ety 4 9lrh

FAFHF)IE $or vluy EEWE e
o Ewoli vlad WA o¥ ExZFTHAT)=
Blok[5], Jaeger[6], Archard[7] Sl 2]}y AA =
FAlEol| oJ3le o]EH o AAY & glo, A
Zz7 w3Hflat-on-flat, pin-on-disk, ball-on-disk,
ball-on-three balls)E Z2sle] upgsd wbije] 2l
FHEEE Moz 7§ Ashby E[8-10]9 =

w = upv 3

W ol 4shH TSI} o] Hrh 7UY PP
Al & glet.

uFv 1
A |k +£2
llh le
Toe F EAGEA 1, 2) Aboly HEHHA)NA
utAGFyel o8 Sz FHe HaFEk(bulk
temperature)?| =, T,x= vl&ge] A== WAz
A8 heat sinkell o] Lx(dulzog gr|2re
7F), k ¥ ax 7tz EAl9) dA X &(thermal con-
ductivity) % o #4H8-(thermal diffusivity)o]ch. 4, 2
Iy vy Qo228 e ztzte] § BAS Filo
heat sinkZ vwl@de] BAlsEle Al dEaA e
(equivalent linear heat-diffusion distance)=4],
Ashby 5{10]2] HA}ol o)3lH HEFHd g} o]

E%& Table 13} 3te] vjeld 4 9}

Table 2914 A. % hte ZH ¢} heat sink Alo]9)
%% 2 3Hthermal contact resistance)®} % <l
AERA, A7 AE3A7 24 =S (contact conduc-
tivity)-& A AZG[11]. Fig. 1& HZ8E FaloA
Ha4s vE vjluy $E5$ES ske flat-on-flat
e 2 ball-on-disk JE8Jelof o] HEwla]
Ashe vhade] #4he dessld el 2 4E
o]t}

SHEF vug-E% oM viade o3 B
Here] &7 Table 12) flat on flat 3eje] A
539 A9E A48t 429 HeoMe &2
(AT vlEde] Aa WH2 4= Bed e A
() 2 dF2AYAA 2 h) 5& T, ol &
Al @), 6y AHE3le olgHem A 4 glch
A7) BES ATE RS, vhadol 93 29

AT=T,—T,= 4)

Vol 11, No. 1, 18995



30 F5A -

LE27Re 4 @ 2on, geia

Fv
ATFlat—omFlatm

n

9 A Q7 dHFE 4 F sk

ubd ol concave ¥ 3 flat JefE = block
Al#o] ring EHF v] 11§ F& 3= block-on-ring
Fele} AL A|FEE 7 Al vnYPAEL
A FHAS Y o] tjAza Edy oA
v|nYPHEE she Ao A S gler g Table
18] P&/ FFA pin-on-disk FeH=Z 7h3e
4 oloh 22}, o2} 32 pin-on-disk -2 ball-on-
disk 3] HE oo BHL2EE PV 7)o
oajA Ao g Frslx| ke AHE Fohe
A (6), (N Il sl A #HS=ledl, e 4 99
el vimgEze] F7)o) weld 4Fe) FARES
Halth

o« pv ®

Io 1 09na, 712
12b: 7;’13[1 [ j,

0.971&2

r,v

when >>1, ly= Lj I,

r,v

97782

€)

0.9a,r, \1/2
when a2t )

<<1, lzhz(
oV
w}2} A pin-on-disk ¥ ball-on-disk 3efo] &= 3}
oAl Mo Fulex Frh=

ATpingBai-onnisk pv, when v<<1
o pv'?, when v>>1 (10)

A 10 o] XS, vingL el F AHv>
Dol vpadel] 23 EH2E A4& ] o4 pvet
AR A7 5S4 5 ek vnyses)
Z A5 ASHAA WAEE 2EF7P) v A
7ol Wl ske A71el Ml AaRs, Abdy g
VYo JHFHE e vuyPE: 2404 Peclet
Number7} 50]4ql Z71 3lollA wlatdel] 27 &
e 2= F7HE Ao AAKEE Jaeger[6] @
Archard[7]el 913 ZAzje} fa}sjc)

3. AlEER R Y

3-1. Al ®=
2 Aldel A" AHELE o EA|H Al &85

Journal of the KSTLE

8

&

o
[,%

648’

=
. 0 10
15.8 15.8
~
@ o
_L_I STANDARD LOW PRESSURE
35.0 BLOCK BLOCK

TEST RING
Fig. 2. Test specimens for blocks.

A& FAA17) st nAERAQ 2e}ule|ER

& £ 5] 70:30 wt% v-82 4 1 B
FepnE Agelch B3aAe AT E471HlA 3
3] wukste] £33 ¥, AP FHNAM A3,
160C 2:=2] AxMe]ZollA AR, Wag oL,
ZIA7EES A o7t FA o2 Azt A
42 64X158X10.2(mm) =7|o] &2 e} ¢
7o) 110(mm) V23 Fe|(FA: 6 mm)E A =}s}
o, BF e A|H2 Fig 2042} o] 2
He] 2 EgHconcave: ¥4, 17.5mm) 33} A
(flay 2] = 712 Jealg 7hg-she] AHg-slsdch

Az Alde] E2]H 542 ohg Table 29} 7o)
A=

3-2. DFE DIRA|H

g kel 2dH s wolyg BihA Zejaw
Aae] Hd vlnygdsde P o34 PVgte 4L
#38le] o-LFW-1 Friction and Wear Test Machine
[12] (Fig.3 %%, ASTM D2714-68)% ball-on-disk
e o] vlanirA|g7|[13]8 Walsted apg-slgc)

Block-on-ring ¥ e} S 7}x+= a-LFW-1 A §7)
oA A1 2(ring)L #7d°] 35.0 mm, F#7} o 87
mm<! dX ]9 ©27HSTPG 42)F AMgstgla, &
WA EE 960 Hveln EWA37]7} 0.1 um(Ra) J=
oldrh Ald BE-2 Fig 29} o] HF EHr} Aly
How, F58 7 3lox vidain x)PL 8
staleh. 271 27164 W) HAEEE 125~197
rpm M2 5 gAY Huwisir) shbssle] 22
Xezte]l A vn¥EE Tl 002~036 m/s HYS



eoddla By wol=lde HosS PV 2dol B V¥AH 2 31

Friction Torque Gauge

Balance Weight

Damper

Dead Weight

Fig. 3. Schematic view of the oa-LFW-1 Friction and
Wear Test Machine.

A& g o) B AP njnyses) Hdel 24
(v=0.36 m/s) 3tollA HH3FS HAZ F7ATE
ujo 2 aldPsigc) HEHdEE o 800N H9
ool Al o, A3 AzkE AH F A&
Fde} g2zl BAFR] e jF F 4000mE 1F
stgdck WAL 1§ F AATG Foleid HEAS
Hale] Ao, A F NeAdHe vlnEA
3 o ol almeke] 23 55 st XY
29 mpnze A3 HFY FAHEIHEE 7]|Eos
24slgiom, FAe &AL 107'g FAe] st
AR -&& AHgslde) =3 vpAntEA| 4] obdd
o o] Zrlde HEHCAMY EEE THAHL=
A7) 935t vlAHEA A ed &= AR thermo-
meter) & AHEETh AHeJAl exAw A=)
54 mmoln], £ A 1A H FHi F7o] 1.2 mm,
2xe% W19 0~500C, =4 Hxrl 01Cc o 7
AHEEl Y, &% AL A1 BE9 &9 FY
Fo 4 JErHow HE o 05mm HE 2 Ho3)
Foll A oA 24E woly ZA gt A EHEHL
ukAb-g-(emissivity)& ¥°0]7] $3t] 2%} FA ==
Al#l EHel) carbon pasted HIAsIG o0, ov]A]E
ZEg Esl Walgo] 0958 dich

B Algel AHE-H ball-on-disk o] vhanpR A
#A7v AuFdl14]d AHed Ajd7)e A A
oo, AH4E B2 EHBE7} 84GPa HE<Q
#lo)2) & )2 AISI 52100(EN 31)olt}. A3 7]
Arelg) 2:2(205C) ¥ AHFE(E0~60%) A F
8 Ade rniges 20 Paga, o=
Fwe] 2AAE WHGsmm) YolA Az 34
£5 WAsl plnYHE(0~4.0 m/s)E H3}sigch
Ball-on-disk 3eje] vlgelw A He Hy3 35 &

He A7) A7l Aljle] 7’ 2o mlndy
4% 2 15.0m/s) stoll A AlgAlES] A
4 vny&EEE s 23 dddx, H2=YH
Wistol] W AR vlFEA W ol w9
wWas #Asy]) el ol AH =Ae
A, block-on-ring Al@ol4e] AdzxAdd FARR
Z79 HAoe g, vnyHeE 036 m/sE 13}
3 A E28152 49, 9.8, 19.6, 39.2, 58.8, 784N 412
At o g2 Zrlslsich 4, dHFo] ZH7t 9.8, 19.6,
392N 8 uHE 27 doll A vlngHEEE 0.1~4.0
m/sE A e Friste] WaA|7[dA 2 22
slell 4] v} dy gl 2w HEE SHsigo)h A4
3t W L5509 oA o) e A A
FAZE 208 7IgeE AMAAscE 2Ev Y
olF3 IR thermometer ¥ FU& WS Al&-3le]
FAslden, AR B I S HE
wHog Bl $AugFo @ of 10mm $E goA
Foll Aol £ Eold ZAslrt 7zt
AlEzA st HAE mpay W x5S 12 bit
A/D HE) & £l PCel sl¥=dict Ay =4
st Aol HEGH-E AYER FE V|FoR 3y
¥ B gelld A" vprEe 27)E 3%
HEHo 7 AAser)

4. Al En

4-1. Block-on-ring® DHROILAlH @}

Fig.4 ¥ Fig.5& H&de o] 253 AlHx}
AYg B2 A)HE o] 437 block-on-ring®d v}itu}
EAIYe A SR FFEzte] o oleg Y epE
Ao Wsks e n Uk 7 249 A1
Axpe] AL 93] Ha 3 oL FAHARE
Hagh Ageln], widAF Ades F 4000me 4
Pz A IA3E S V1Fe g A7 Aolrk

Fig. 42] vl2g2o] W2}E v, g xxig A4
(line contact) g 3= THI el AP EFEA
o] ntr-go] HAWHA,=L03cmd)ol HAH & =
& e 253 BE A HE M B 2 A&y
Py Homz Ay AA EFAsHgo), 667
N9 & 8% slllde 253 Felo BE Ad
Eollde] vlego) o] FA wAsisich 667N FHF
2ol B3 yulo] BEAIH iddAe Al
Fol J&w ko] HA Fig 63} o] e B
ol #aEged, &3 YT 2 i

Vol 11, No. 1, 1995



—_

=1 —-— Concave
~

=

g A Flat
7 o :
o 05 )

—

-

Q a
® -

— a u

§ > i

o SR
3 o] 150 300 450 600 750
Normal toad (N}

Fig. 4. Wear rates of the test specimens.

0.6

0.5 ~—0—~ Concave
o
k=3
; a Flat
3 o4 J
g -
G B .
< 03 o o T
g @ e
‘8
!§ 0.2
(]

01

0
o 150 300 450 600 750

Normal load (N)

Fig. 5. Coefficients of friction of the test specimens.

o)3led AgEwe] SxrHFHL 190C) At =
A 2AEES o |AFIH, FAll 2 whEAl
(2F 05)% Fubste Fwo] AlshAl & Av7h=(tea-
ring) Z.45e] vhelta olvh Fig 72 Ay 22
slol| 4] R Q% =4S U vPRATES &
Ay Az dolch. AF Z7](~500m) kel A
2 g npdAgEe) FAsHA kst oAl
Zasted ok stE|gld), ol whEdel 23 AHE
me] %7} AHANEL glass temperature(170C )/
31282 5(1524C, Table 2%3) o]Ato 2 A%
A FHHe 7 Y s FE2N-2] Hehx g
o] yropx| a1, vlaAAG7} o gy, Ao
vhdedo) ZhaEo] HYHPE A dAde] Ay A
o7 Aggdr) o3 2AANE & PVEY &
T2 slold ZFe g ¥ AsE ohEdel
o5t #He% Agh gh(‘Friction defined tempera-
ture’)o] ZAFc}w FA3F Ettles 51519 A7}e}
o] ) gt}

ubwol| o)9} FUF HEEF £ dtelA flat @
o] AHEE A S5 oF 80C HER A3t

= 23435 Jehyor, utdA ez HoE
Zqlo] of 034 ER A=A 22, HEFS

Journal of the KSTLE

‘Fig. 6. A micrograph showing

surface damage under a
normal load of 667N at a concave type of block-on-ring
test (note that surface is fractured by tearing). Direction
of sliding is from left to right hand side.
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Fig. 7. (a) Coefficients of friction and (b) surface tempe-
rature measured under the normal load of 667 N at a
concave type of block-on-ring test.
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Table 3. Conforming contact pressures at both flat and
concave type of the test blocks

Load (N) Conforming contact pressure (p, MPa)
Flat type Concave type
133 18.5 1.3
400 323 3.9
667 45.7 6.5
800 3.4(initial fracture) 7.8
1 200
os | gc
§ 5N 10N 20N 4N 60N 80N 3
w 06 . I
: | o
§ o0 : o
€
._3, 0.2 R s |
[+]
[+] 20 40 60 80 100 120
Time, min

Fig. 8. Change in coefficient of friction and temperature
under increasing load (v=0.36 m/s) at ball-on-disk test;
the applied load was increased in step from SN to 80N.
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Fig. 9. Change in both coefficient of friction and surface
temperature with the sliding velocity (under the normal
load of (a) 9.8N, (b) 19.6N, (c) 39.2N).
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Table 4. Maximum allowable PV values with various types of contact configuration

Contact configuration p (MPa) v (m/s) PVmax (MPa-m/s) r, {(m)

Concave block-on-ring >6.5 0.36 >2.3 57X10°*
Flat block-on-ring 457 0.36 16.5 21x10*
Ball-on-disk 18.0 2.0 36.0 0.8X10°*

Table 5. Normalized maximum allowable PV values with various types of contact configuration

Contact configuration F v F¥max PVimax (MPa-m/s)
Concave block-on-ring >94x10 * 540 >5.1 >2.3
Flat block-on-ring 66.2X10°3 199 13.2 16.5
Ball-on-disk 26,1103 421 11.0 36.0

SMPa>

Log(F/HoQn)
Log(F/An

~1.48

a.00 Logl(Nornél ised Ueroclxtu) 4.0

-4.00

Fig. 10. A temperature map for the sliding EN31 ball
on test material (full line: bulk temperature, broken line:
flash temperature). The conditions at marks are; ‘1’ at
036m/s, "2’ at 4.0 m/s. Contact pressures are those at
the end of the test.
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