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SYNOPSIS

The effect of phosphorous and carbon contents and sintering conditions on the wear resistant properties of ferrous
sintered materials were investigated. Wear test was conducted using the sintered material as the pin and hard Cr-plated
Al-alloy disk as the mating material. By choosing compacting pressure of 490MPa and sintering conditions of 1203 K
and 0.3 ks for Fe-5.6mass%P-1.6mass%C alloyed powder, the porosity of 5.5%, the average pore size of 23 um and
the average grain size of 15 um were obtained. Proper anti-wear characteristics are obtained after making the fine-
grained microstructure. Minimum wear amount was achieved on the Fe-5.5mass%P-2.0mass%C-3.0mass%Ni-
3.0mass%Mo alloyed powder specimen pressed at 294 MPa, sintered in vacuum at 1203 K for 0.3 ks and heat-
treated. The specimen shows 0.7% porosity, the average pore size of 8 um, the average grain size of 15 um, and the

macro-hardness of Hv700 with a hardened matrix.
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wear resistant material, steadite, Fe-P-C alloy, rotary engine, apex seal
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Fig.2 Phase diagram of Fe-P-C ternary system®.

Fig.2® @ Fe-P-C Z=nRZRERICHL Mz L DiZ, PBXY
COEBDEMNMIME>TATFM FNORHT2EENELL,
FE=mHRBEUA L TORERICRET SHRERD, BRE
EBHERIBFRINIC L o T T B, 1, —RICPVEMNKE
BT DHEEREGMROZKABB IVRALOKRES
HWTFNBNAENELRTHEEENRNW I LIEIBBICTFETE
M0, ThoOBRPZER L THEREZELAED, B
BUZES T2 EHBNMNKRECRD. BRARINEINE
MEEBEZGNIED, IEITERESI VI HBOBIE
HBELERBRBEOEROARENSHETNRTVRYOT, i
BEREMEICBY L THRBRBEOAINLONBVWERERT &
I, E5ICHRMRBE L TRERELZEHT2E
£, BRETHHEENVEZ R > TRALBNRIINE <12 2T
HRE(HEL 2o THRRBOERK - TEOTFRNEHL < iz
0, ITAMERIZZZEOBENEC DS H 5.

F T, AP TIE, Fe-P-CERRER TEHKILFRE
HEDENWRAMERERY, £TERAH %AW THMEEREE
B 2RIE, BREICL 288N R ORMIT/IL DFe-P-CES
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Fig.3 Wear test apparatus.
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MREERBREEEAL, 7 0L ST 286K D
#REA 177N (1.8kgf), FEEEE 19.8m/s T0.6ks MBEIE BT
HBRL -, 2O, BEAIIRES 10mm, (83mm, &3 85mm
THRHNBZHRImmOHEICHENTLEZd0EHAWN, 20
BEREE B LTV 0 A - ERORERE VB BEH (- 45 um)E
FELTEWe, BERRIT, #RERNC OV TIIRRIE
OBFITHEETI VT - THE L EEEE I HHOERS
B, fFH 7 0L ROV TRERIZEB THRBRA
BOMBEBREREL THSN-BERRIZERBRE L.
BEMREAVSGERTIR, BRSO 70, 7z
OEYIF>, BREZy T, BRBIUERGEFREDOH
BRICEEL THARFTHEME, RRICHEL2ZEME
Va—UIvr—THHERL, RESHIIVTHPRL THS
T, MRS UTOEEMEERZ. ChS5DEEMEIC
ERREREEHMEL T2mass%h OEMEBELL T2 K
CERML TEAESL, Ei2%196~392MPa 2~ 4 t/cm?) D
ENTHREL, 7IVIBEES, BEST3~ 173K THEKE
M w, B, KRAR, TNIPHARAREORBHFHESZ
F,OREE1IT3~1203K THHE L = B W TIREE%:
Bl TKAREELL, YINHIEREZOBEHEZEHUL
HLUTEHRILER ESEROELERREERD . 58
BT & 2 BB O R BRI ORESW OB E L M UERE
HRIC K-> TFHEL 2.

3 RBERbBLUZZ

31 AeMERB X UERESEORET -
311 RERIC X 2 RE

ZZTRWEABOERSEES L UE S N =R £ Table 1
BEUTH2ICEED TS, £F, Fe-20mass%P-1.0mass%C
DEAH % 41MPa(4.5t/em®) TRIEL, RRBERH 2,
1423K T 1.8ks DFEREE1T o 7= (Table 1 D No.1). Z DiRED
KILERIL-8~10% T, Figd(a) D LD ICHEMBEICL TH10% D
ATFHA MOEEMRICRBLTEY, RELBARRKES
NI THS. ZORHBNIMHEREZM LI T2 X751 K

DEDBEENDLRL, EEATH 1 MR BRI —
1 MOEXZODEIVRBEN DI 2EORHITIBEIBHEL,
ZULD > EBEFTORE FRIOBEERITIS~115um & K
E/RMETH 57> (Table 2D No.1). P B % 2.0mass% —EIZL
THEBNTCEF1.6,20,24massB ICHEME® 2L, AF51
~ DR LA 20% F TIEMNT 548, TN LA LI KIEIZHE0
TBH5IEREL, BEIHROERED 80~ 100um IZETFHD
TERETH-> T, WEHMEZRKE<KET S Z LTk
Mol

REATHFA MNOEHEILEAELTE0, EEHERE =T
FRRIGE DT TPE#S5.0,6.0,7.0mass%, CE%1.2~2.8mass%
CELSH, BREEEEE< UTHERL 2R OB,
BEBLUEIFRIOBRERSREL /~. 5.0mass%P, 2.0mass%
CDEEH % 490MPa(5.0t/cm®) TREL, TV IHABH
KT, IBEFSOKBEW 473K, REFEENE 1.8ks O F £ 5L
U 7=} (Table 1 No.2) D#E#EZ Fig 4 0) ITRY. T DBERS
SETIRBHERERS IR 2O TRILIZIZEAERSNT, Ak
OR¥EEEDZATH A4 FORIIHERONREA—ZFF A1
FREELEDBON—51 ERBENTWS. ZORENT
N—5 1 FOEEN DI 185 772 8T Table 2 D No.2 IZ7R
FTEOCEHITEEIAKREICE 2D, BILFROEEEN
Dizlzo7=. PE%50mass% —EFICL TCEB]%28massh

Table 2 Properties of sintered compacts shown in Table 1.

No. | Macro- Microhardness Wear
hardness Steadite Pearlite amount
(Hv) of
specimen
(um)
1 320~350 700~800 150~230 98~115
2 650~730 750~850 | 200~250 .50~70
3 610~700 750~850 - 25~42

Table 1 Chemical composition, compacting pressure and sintering conditions of mixed powder compacts for preliminary experiment.

No. Composition Compacting Sintering Sintering Sintering

of powder mix pressure atmosphere temperature time

(mass%o) (MPa(t/cm?)) X) (ks)

P . C Fe
1 2.0 1.0 bal. 441(4.5) Exothermic gas 1423 1.8
2 5.0 2.0 bal. 490(5.0) Ar 1473 1.8
3 69 29 bal 441(4.5 H 1473 1.2
(5.66%) | (1.6 ’ (45) ? :
4 7.0 2.8 bal. 441(4.5) Ar 1473 1.2

3 chemical analysis after sintering
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Fig4 Microstructures of Fe-P-C ternary alloys. Sample numbers are identical in Table 1 and Table 2.

FTHMIE2EBEERON—51 ORIV 25D,
EEHMOBEERIIIIEAVERL LN .

% Z T6.0mass%P, 2.0mass% CDIE S ¥ %441 MPa (4.5 /cm?)
THFE L, KFEHAH, 1473K, 1.2ks THRS U 7= i E} (Table 1
D No.3) D#MEZ Figd O (c) IZRT. WHERICE > TR
DIF & ERVHEHETIZ> THY, BIMRC EADD
FTRARWA, B HRIOBEERI 25 ~2um EHFHEFITHI
<1257z (Table2 M No.3). ZDPE6.0mass% Zfr-o77=Fx X
CR%12~28mass% DHIFTEILI®TD, &I HRIDERE
BIZFEAER LW, B = RHRITITVY7.0mass%P,
2.8mass%C DR AW % 441 MPa(4.5tcm®) THREL, 7V T >
HAH, 1473K, 1.2ks THefE U 7= i06HI D THE<, BFATIN
Tk, EfRRARREZERPICENSZZD, ABHRRIC
WBEATERWI &Mooz, ZOME1ZP &% 7.0mass%
—EICLTCR’Z 12~32mass% DHIFTELIETHH E
DHEI NN .

UEDREMICEDEROIEREERT DL, Fe-P-CRE
& O HEkE TR A MK 6.0mass%P, 2.0mass% C ( 2 HT1# : 5.66
mass%P, 1.6mass%C)DHLRZ NI R T A1 hDEIEHNEL
20, BEAROBEERN DI BRIMEREENDS. L)
L, Fe-5.66mass%P-1.6mass%C DRDERIL, 1473KD &K
3 ISR T BIER ICE < R D - O BEEE R B
KELIY, MIAVAKEEHANTRN. LS, FRR
EERAIRIWATHERZ S > &/hS < TS, TEFENE
LREZUEBTELIENTFHINS. TTTFe-P-CRER
OBMEZEED, LPROBHIESNEL HIRERTHEZ
AR ERLE.

3.12 BT 2R

MEOBRAMOBEICHS OBEN/-P & 7.0mass% IZEH
L, 8&¥%ED< BITHN > TFe-P-CH BB EEM - 51
L L=#ER, PA17.0mass% ZB X % 8RO BRRHF
CENDREEL, LNLSERBERETHOT, TDLD
RN S EEMED o THAL THRENELPTNR
NNdH o= . —H2.5mass% & D DIz PR TIILEMHE
50, MEEREMET TS ENTFHRENE. XkC
Rl EERLMHERE 252 L TEERTRTH I,
0.5mass% &k D DIRNWERTF A MNP 22 DIt
PEFEMEDMET U, 3.0mass% Z#BZ 5 LVEME - $HIET D L EIT
PERMNE L RAET D LRIMICEMVRHET DT, PRERFIC
REaHAE U0 BDRE L TiEEREZ B IEDEMN
FHINZ.

BEo T, AR - 8518 - BT Ko TR T B Fe-P-C=5T %R
BB ERDOFEHRMFAE Fe-(2.5 ~ 6.5)mass%P-(0.5 ~ 3.0)
mass%C WEY TH S EHML .

BAMIC X BMRET5.66mass%P, 1.6mass% C DIt 2EFL
(HHHE) Z RO AT 1 FOZNEEIR/ SN DT, &
SMERNBICY > TH, ETHAKILFe-5.6mass%P-1.6
mass%C Z &, K75 um LAF O K % 49 0MPa (5 /em?) T
RIEL, BiEEOKILE, FHKILEREEVOERNEER
BRLNE T BPERESR M (PEREIREE & BERE IR RN M) 2 R
TODOERZTo . HEIETKRAZPTITN, KL
RENS L THHESREZRET D, IREZ Fe-P-CH iR
(1223K) 133 TENRZBEZ 721 1153, 1203 K D 2 K, {REF
B2 0.12,03ks D2 KEICEL S &, BERERIBRB L. £

ks L U REE] H508% 10%
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DFER, Table 3IRT EDICKIALESS,12,22% 8/, T
DR DT ERIT15~23um, EHRERREIT15~21 um
THol RICKILEMNFRIED 5.5% 12725 BASIRE 1203K,
REFREHIOSksICHEE L, FRITEWEA TEESLERE Y
HRERRBERBIRNEILTHHRELEZRFL, £
Fe-P-CHESU LD 123K TOHE LB EDDITREME.
FER % Table 41277 T . F&R TEALERIZ45~5.5% DEHIZA >
TW3. BEIRE 1203K T, RESHEZELS TS EEARD
REZTHEOVEDL STV, 0.60ks TIREERRIT4BEN
S55um WZERE L 72, BERSIEE 1253K T3, 1203K &R UIR#F
BEfEID 0.30ks THEHKRFLEENKW 31220, RFEMZE
<L7Z0.06ks THH LB THD, EHERMRIIMNOR
FEBFRITY 60um LA EICKEL 2o/
ULEDERENSRD Z &M o /-, Fe-5.6mass%P-1.6
mass%C DS DEEICB VT, SABIIBENETTS
BEENEL D, BT 2ENEL 2B Fe-P-CHR AL L
DIBE T 0.06ks DIEFICEWRBERHM TSR BEIINAS L
5. FHSILERIEEBREORENAEL, BENTS
IZEFT L7200 1153 K & 1203 K DIREE THAFFREM 0.12ks T
20um LR TH BN, BENETTHIE> TRELAD
Fe-P-C3: & B L DR E TIIARFFRE0.12ks T60um B EiZ
2%, W ENERIEHRILER U LICERSREOZEN
KREL, Fe-P-CHERUT DEEBE THHREOETICNS T
BONIKRE D, AR EOIRE TIZRFFRFHE 0.06ks
DEREEITH 60um L EITiz 5.

Table 3 Relation between sintering conditions in H; and porosity
of Fe-5.6mass%P-1.6mass%C alloy powder compacts.

Sintering Sintering Porosity | Average | Average
temperature time (%) pore grain
&) (ksec) size size
(um) (um)
1153 0.12 22 15 18
1203 0.12 12 18 21
1203 0.30 5.5 23 15

Table 4 Relation between sintering conditions in Hy, average pore
size and average grain size of Fe-5.6mass%P-1.6mass%C
alloy powder compacts.

Sintering Sintering Porosity { Average | Average

temperature time (%) pore grain

K) (ksec) size Size

(um) (um)
1253 0.30 4.5 65 68
1253 0.12 4.5 60 60
1253 0.06 5.0 39 63
1203 0.60 4.5 29 55
1203 0.48 4.5 20 35
1203 0.30 55 23 15
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R, [QILBBIVEHSIEREZ/NIWEIALTE
BRERNRZ BRED 15um T DHEHESMED 1203K, 03ks T
Hol=.
32RALE, PHSILERB LU EEERNE L B X FROE
HE O

Fe-5.6mass%P-1.6mass%C &£ EHNTRALE, FHE
LEE, FOEENELZEEL ZTable 30FEBHZDOVWTEHE
HRIDEFRR & OBREFARNEERZFigsSIIRY. AKICH
WTHRS ORI RI10% L, LIZE D E B3 HROBEERY
BHICHITT 201, [KAOEIMNEL TRBAROKT
REBBEHETOER EBENEL, ¥ MU v 7 XEHMCE
BRICIH DI AMKEL BB D EELZ NS,

KiZTable 4DFRBHIDWTERRZFHIE L, FOEEFEY
S[IALEREPHERRERICH L TRLUZONFigs & Fig7 T
H5. Fig6lcBWT, PEHKFLERN40um Bl EiTid &5
I FROBEERVSRBBICHNT 2013, FHKILERNKE
{3 EIILEFADKRHAEPORSEENEND, KA
DOARAEOHEMC L 2B NEFOBRLMDD, HREL
T MY v 7 ADEHBBLROT 2> TEERNEAT S
EEZO5ND. AN v I ZADOEEBIIONWTIE, EE5#%
ERENKRELS 25 LSBORERMOEHBEIMETLED,
TII VI ADOHEREMET I LML NTHY,
Fig 7\ BN T PR RIEAS0um B L1272 % & EREEM
SHLTVWS. ZZTHHENEOEANT N v oADK
HRIDETEZEL TEEROEMZD S L TWS AR
NHD.

RN TEENRE U TV 2 F SRR 60 um DitE
TlE, Table 4ICRZ B E DI FHKAEER S KEIZHALT
WBDT, BEOHEMIKENELLILEZORRERICLS
EHEZIOSND.

T THEHIILEREZHEM, FHERMNEEMEICL T
Table 4 @ Fe-5.6mass%P-1.6mass%C BiEDHEEITAL,
Fig. 6 B LU FigT OB I HFRIOEEBZRL =DM Fig8 TH

-

Average pore size:15~23um i
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—
o
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|

..... O o’ Average grain size:15~21pm
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Fig.5 Relation between porosity and wear amount of Fe-5.6mass%
P-1.6mass%C compacts shown in Table 3.
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"Fig.6 Relation between average pore size and wear amount of Fe-
5.6mass%P-1.6mass%C compacts shown in Table 4.
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Fig.7 Relation between average grain size and wear amount of Fe-
5.6mass%P-1.6mass%C compacts shown in Table 4.

D. PERM (BLFGDORRBHTIVI) OB E HROEER
MSOumEAFTH 205, (A)FERICA S EEHIALER ETFY
HERAEEZREIRTINT RSN, Z I TEERODENA
272 % FHFILER & FEE AR EOREN BTN &
i, TNTODRT M) v A HMER AR EELIE DL
T, HOBEETHE S ZHEENBNTVE D EDEXDS
s L, BLLASEEIHFHOBERNEHLILE
B 29um, FEFEELRIEE SS um DFREHI Sopm, FHLILER
23 pum, FEREERIEE 1S um DFREHT 20 um, FHRILER
20um, FIFFEFRILE 35 um DIREHNI 25um TH2Z &0 S,
ZZTHo TR BHATIE, THLILER L D b SRR
DEBRES HRIDEERICH T 2HBENAZNEEZ SN D,

(A):wear amount <50pm
(B): 50pm <wear amount <100pm
80 (C): wear amount > 100um

LR

Average grain size (pm)

0 1 AL 1 1 1 1 1 1 1
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Fig.8 Relation between average pore size, average grain size and
wear amount of Fe-5.6mass%P-1.6mass%C compacts
shown in Table 4.

3.3 B E Fe-P-C REL BRI

FIEE TOEENSTILRETYKILBEEVNFE L THNIL,
PEHERRBENNE WERES HRIOBEERN/NE VI &M
otz RICHERMEZ —BRET DI, BEETEH
ZBEOICLEBET N v AOEHREE EITB L 2R
L7. PZ25~6.5mass%, C% 0.5~3.0mass% IZBLERT
ATFFA4 N OEBELEZ I EEDOEEREERNL, OB
ThVY I RAERAFA MRV INAL MITBREDFET
BILTHEMT, Ni, Mo ZRMLEELBERBEEHL -,
Table 5 IR BHAERICDWT, HFEDRE, HEBXIUSEHE
KOBYIRHEAEDOREERLE. I TERRICEZ & Ar
AREMA-BHE, ERERFOSKILEEZHERL, 7
HERROKILBEELS TEH2DTH Y, ArH AVIREMHA X
THHZEZRAL TEEDOEEMUEBZEELELOTH
3. BHBRESET N v I XOEFBEE EWT2720, Ar
FIAHT1123Kx3.6ks I L, HMBANEBERAT ZAFT823K
x3.6ks DIFEZRL Z21To /-

Z (D Table SOEHTHMEL ZRBOKRIE, LHRAE
7, PSRRI, RENTREY & B BRESE 2 Table 6 135R
T £¥T, BT LUBNL,MoDFEICED O KILERE2.0%
BT, FEKFEEZ 20um AT, FEHERREE30um AT
W95 ZEMTELEIBEORR (No.4,5,6) 1%, &I HRIDE
FERE20um A TOEN M EEEZRLE. ZO3EOF TR
NiEMoZBEATI M) o 2 ANEEMLLBRILENTVS
No.4,5 DB OEBEEMN/NET <, Ni &EMoZHML Tz
BT v AOBRIEESNIHEN EHERIE 1B No. 6D ik
DEEVBEFRENZENS, BREEBVEEY NI VY
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Table 5 Chemical composition and sintering condition of alloy powder.

Max .
Chemical composition (mass%) . Compacting - Sintering Sintering
Particle Sintering .

No. diameter pres sure2 atmosphere temperature Time
P | C | N [Mo| Fe | o |MPaem) ®) (ks)
112521051 00 | 00 bal 40 392(4.0) H, 1293 1.20
2 301|104 ] 103|051 bal 40 343(3.5) H, 1253 1.20
3 (352)120)203]|154 bal 40 294(3.0) vacuum 1233 0.90
4 §553]1203]3.0113.03 bal 40 294(3.0) vacuum 1203 0.30
5 ]601|252] 404 |4.02 bal -40 294(3.0) vacuum 1203 030
6 1652|304 ] 00 | 00 bal 40 196(2.0) Ar 1173 0.60
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Table 6 Microstructure and wear amount of alloy powder compacts
shown in Table 5.

A Wear
. Average VEraEe | Macro- | amount
P orosity . grain
No. pore size . hardness of
(%) size .
(um) (um) (Hv) specimen
(um)

1 8.2 30 39 500~600 45
2 7.0 28 33 520~650 39
3 53 20 28 550~620 30
4 0.7 8 15 650~750 11
5 1.8 14 19 620~700 12
6 1.1 17 25 600~700 19

ADEHREE LT 5 Z ENTHEREERET 2 DIZIEM
HolkLBEZIOLND. BEORD DI VIN0.4 & No.5 DiE
TU—F VIO OT7 Ry VA —VEKEZED, ZHET
DORARBRZTO CENROBETH 5.

T UEOERERAEMIIEZINE, FEBRDFe-P-CRE2M
KIC L DBEEREM OHE, [LEERMEHELZ LTS
M) w7 20ERE{DERD IEN, 7LD > EBITH
T AR LICANTH D LHRTES.

4 #B
Fe-P-CROB SR B LUEEBOFREEKIC DL THEZE
2L, TIVIZULEEKRI70LD > EZH LM ZHETF

MELTREREERELZER, ROEHRER/RE.

(1) BEBIT441MPIR2EDRIEE T 2N A T1423K-1.8ksPH
KN 1473K-12ks THERET S &, Fe-5.6mass%P-1.6mass%C
HEDHMERTATY 1 FOZNEEICZD, 2D &E DO
Lo EBICHT HEI FMOBEREI/NI W, UL, 5

20034E 10 A

R DEBMAEND TN ITRNE S ERM TR,

(2) Fe-5.6mass%P-1.6mass%C D& TiE, 490MPa D &
EFHE1203K-03ksDEEFEIC L D, KILE, PEKALBEE,
EERRIRES X 55%, 23 um, 15um IR B Z EMNT
X, 70LD - EBICHTHEI AW OBEFERE % 30um B
TIRTES. ZNIEARIT NGB OE B — T/
I<RBDTERANTH 3.

3) 70l EBHFEORI FMOREELRIT, Fe-5.5
mass%P-2.0mass% C-3.0mass% Ni-3.0mass% Mo D& & ¥
T, 294MPa D FRIWIEH & 1203 K-0.3ks DHEkE & SREULHE
XY, [FLEK0T%, FHKJFLERE 8um, FHEBRE
15um D &, BLINET Y v I XADFEITEBH
Hv700 DY 7 UEX ZFOMEITHEONS.
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