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Fig.1.4 Schematic illustration of Vicker's hardness test
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Table 1.1 Failure and crack initiation position

. Did approach crack initiation | Initiation
Did No. Macroscopic failure . B
type positton position type
Closed extrusion 3.9mm from top
@ . ) Top surface chipping at the radius A
(without relief) surface
Closed extrusion 2.8, 3.4, 3.7mm from
@ ) ) Top surface chipping at the radius A
(without relief) top surface
Closed extrusion 13.5mm, 12.7mm
® Ring crack B
(without relief) from top surface
Closed extrusion 12.7mm from top
@ Ring crack B
(without relief) surface
Open extrusion o ) 0.6mm before the
® Top surface chipping at the radius B
(without relief) approach inlet radius
Open extrusion o
® Chipping at the approach Land outlet C
(with relief)
Open extrusion ) 0.8mm after the
@ Chipping at the approach _ C
(without relief) approach outlet radius
Straight o '
Top surface chipping at the radius | 9mm from top surface B
( Divided die top)
Closed extrusion o 0.8mm before the
©)] Chipping at the approach outlet B

(' Divided die bottom)

approach inlet

11




C

Without relief

C

With relief

!

Closed extrusion

Open extrusion

Fig.1.9 Die shapes and crack positions

I : Chipping at the approach
I : Ring crack
Il : Top surface chipping at the radius

Fig.1.10 Schematic view of failure
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(a)  Schematic illustration of

fatigue area

(b)  Matching pairs of fracture surface

Fig.1.11 Fatigue fractograph of die
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(c)  Larger magnification view of shell mark in

F shown in (b)

(d)  Larger magnification view of outside of

shell mark in F

Continued
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5 HEE

2.1 35

AR L7k 51, BEAECOEIBMBEBIZOVWTIIZL OH%E
REPRESNTVE., ChObDHERYENCERAT DI
IXRBEFROSBOIEIRELZREBICIEBTILEND 5. 8
ELIERFTOEBIIh» 2B RIENDODKRES 2 M 2EHic, B
WA —FP2HABY) VT CEADEZWVIIEITD T E 2 L2 —
B THD. ZOFEMISCHOEIZ—BOICITBEAS > F — k
THEAE LTCERNMARERTAVCEH I RS . LaL,
BRT DL, BERKLLTHEIBEOBRER KX, BE
A —FVOBHUEERRELZ2TOILEND 5.
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211 EARXLBITII2BEA Y —FOERESH

Fig2 1l CEAICHWEASA VY- Tr—20RBRZZENE N
A% . Table2.1 2 A4 ¥ — b r—2MBOBBHOEEZ =T .
JEAEE X 10mm/s — € & L. HEAIZEEBEIEA MoS, & H
Wiz,

EANCBTA2 7 —2A0EREROBRZRAR L DI, F— XA
AEEmADS 10mm & TELD 10mm O 2EFEHRICOT AT —T%
By, EACHESS F—XAXKBECRBIT2HAFRMOEE % K MH
T 5. :

WHEBITOKBEL2R DI ZDIC, HATHBEHERIC L 5 HEER
NENETo. ZORBEACIIOHBERISA, ¥ —
FRBROHRBAFMIZEBAEATA ERMOSIBLT T —2ARNEOHHE
FHRICEAETBZEERNDIZT, X221 ZHAVTRDEZII LNV TE S.

pNTY
¢‘ 12 -H)él)l

60

Aol A
—

(a) Insert
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+00%
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>/ ‘
% I
\
(b) Case
Fig.2.1 Shape of insert and case
Table 2.1 Mechanical properties of insert and case
Young’s modulus | Poisson’s ratio Initial yield point
E GPa v 0, MPa
Insert
G7 510 0.23 939
Case
SKD61 216 0.278 2000
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Fig22 WHRBEABICIARACRETI R ARRZ T, K
EBRTIX, EARIF 0.6%, EAGOA ¥ — FPAEB L O
£1X d;=12.023mm, D;=30.196mm, FEARIOr — 2R IV
S B 1% d.=30.011mm, D.=69.976mm T - 7= .

Fig.2.2 Stress state of pre-pressed die

Pm = 4 2 Y x10 l
1{d>+d;’ 1 (D.*+d,
— =% +— —2—*2'+‘V2
E| dc —di E2 Dc _dc
. 2.1)
24} D44’
Oi=—WXPmX10 G$=le’mx10
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=L,

Pon: A ¥ — e — 2B OEHKIESH (MPa)

Ei: 4% —bOREBESRE (MPa), E;=520X10°MPa
E;: 77— ADOHEEMELLE (MPa), E=220X10°MPa
vi: A Y= ORT YV UH (0.23)

Vo ! U= RXRDORT VUH (0.278)

5 : EAR

i EARREDA VY —PFPNRBRZCEAELE-AAFROEKEG
71 (MPa)

o EAIRC KA FF—2RARIZEAL-HAFROBERA
(MPa)

INnbofFHFEEX 21 TRALTEFENRNERLRD 2B
Pn=605.5MPa, 6;=-1400MPa o,=878MPa & 2 3. Wiz, JE AB
DAY= FTRNRBIZBITII2HBFMICEREMREIS N X AT
DEEOABAFRMOTH xR 2210k o THKD 3.

e; = o0;/E; (2.2)

6i=-1400MPa, E;=520GPa TH D T, ZDOE >R 221K AT
DL, e=-2692x10° B, EABDODALA LY —FORNEE® X
ET DL, X=(1-2692x10°%) x ;(FEARI)E Y, X=11.991mm & 7
2. EITADN, EABOAL U — FARICBIT 3 E A BE I
di=11.975 Td 5 .

Fig23 A RDEANZHEI ¥ — 24 F L LB DM EBS
BRERT. EABICBVWTY—X FAE»S 15mm AEE Th F
D EDLRNVZ RN bn B,

Fig2 4 iZHF A ZADEANICES A Y —FRARE L@ D OA
ERRZTT. IFBEHBRTCRLELES>1IC, EAZDOA ¥ — F
NETHEBITICIA2HEBE LIV BIELIRoT WS, Zhix
AR LT, A —MPIEEBHEERLTWVWS EEDbDNRS.
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IThboREIDA vy — P EE2P6H mm fFEHIZEWT, EA
WWXAHBEHRES OB PIEIVWEE IR, THhHiIZEoT
BERHFAABNALA Y —PFLEAEA»OH mm FEICBW TREET

LAEENEWVWEREDbND.

70.1
| =3
3 :I‘PN x L ¥ YW
8 7005 } -
5 "
5 70 |
o
[
& oo oo
5 TR,
£ 6995 |
o) ¢ S=0mm & =0.6%
m S=10mm v=10mm/s
A S=58.6mm Lubricant: MoS,
69.9 . . ' -
0 10 20 30 40 50 60
Position in Z direction mm
(a) 6=0.6%
Fig.2.3 Relationship between outer diameter of case

and position in Z direction from top surface
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12.1
® 5=0mm 5=06%
M S=586mm V=10mm/s
Lubricant: MoS,
51 2.05
L - Theory of compound cylinder
t
§ < / ] Q..’*
‘s 12
g qh'\'h-:n:::l:.
R WY < =y -
% [ ]
511.95
c
£
11.8 ‘ - . . .
0 10 20 30 40 50 60

Position in Z direction mm

(@ 0=0.6%

Fig.2.4 Relationship between inner diameter of insert
and position in Z direction from top surface

Fig.2.5 | FEM i 2 AW T, BRI L7Z2ER L FE LEIR T,
Ay —bMIHBMEEKEL, Fr— X2 WHMHEL L TCEABRKE2ITo
TRRETRT. A% —FORNEBIZK-600MPa, 4 FFElz I
3 HIIC K -1400Mpa O FEMIS H, ¥ —AOKNFEIZITH K
900MPa DBIRIE AP EAL TR LR bnE. ZhixA v
- rzHERLE L CERABEREZAVCEHLEER
FE—HLTWVER, EAR LTy —REL VY —F LD
WWTFEMBC IR AR —ZHHmT B Nb»n 5.

Fig.2.6 I FEM I X 24 v F— " A ERKEBOFEAFHR OE
tzrm"T EABRBRICBWWTCASA Y —PFLEAMD 15mm 38 ¥ T,
2EHRIVEEN/NEL, FEIRIEWVWIZEEEAIC L 3 08 EFE IS
ADEmMB/PhEaEVWEEZONS. £, P OWHRITA > ¥ —
FEBEKE L TEABTEZIToRELZFT. BEBEEMITO
"ERIVEFERNPIEVWZI LR b2 3.
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Stress - Theta (MPa)

Fig.2.5 Simulation result of pre-press with a
elasto-plastic body of insert

30.2 | |
30.15

Before press fit

30.1
; After press fit as
elasto-plastic body

30.05
After press fit as
elastic b\ody

2995 g—— \ """

29.9 ] L i 1 i

Outer diameter of insert

Lo
o

I

1

i

1

I

.-—‘/

Position in Z direction /mm

Fig.2.6 Relationship between outer diameter
of insert and position in Z direction

from top surface
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Fig2 7 iCHEOTHO3MEr T . EARZHEVWS T — oD
FTHIZKELRBHEOTHEPEET S, £ % — F OHEEmEITE
AT HHEHYE O T A% Fig.2.812 7. L@ D 40mm £ TTIEH
2% DY O THABELET S, 40mm 6 A »H — b FEIZ 2
FTTHERODTRERHEOTABREET 5. Fig.2.912 A4 » ¥ — b
OLEmAAGHK SOmm OEWmMIZEET SHRBEF R RO
MEZRT. Fig22ll oy iClkBT D5 L b Loz, ABEIZHW
SR TIIEMICADBR TR Db, £-oT, BEA W
—FPZ2 MBI —RAICEATEIREEOTERMECHOOREY I, B
A Y —bPoBEERZERLZThERR2 0 L TH
D

Strain - Effective (mm/mm)

Fig.2.7 [Effective strain in insert by press fit

33



N EAVAY
7T~/ YV

Position in Z dirction /mm

Effective strain of outer insert surface /%

Fig.2.8 Relationship between effective strain
at the outer surface of insert and
position in Z direction from top surface

-200

-400

-600
-800 S~

-1000 \\

11200 \ |
i
-1400 | /

-1600 =
6 8 10 12 14

50mm from top surface /MPa

Pre-stress distribution at the position of

Distance from center of insert /mm

Fig.2.9 Relationship between effective strain
at the outer surface of insert and

position in Z direction from top surface

34



UED XS5, KkOFEHBMSHOREY FETIE, KE»
RICGHHENTEZN, BHEREIRBELEZTRLIEALARAVE
MBEEMITIIR+HTH 5.

EHI, B, ARBERLEOFX Y Fo=2A 7HARD BN T
BY, @RHIPP2BMEBELI R >TETWVWS., BEA LV
— FPOMRBRIZIILIVREVWLODRDPDAWVWIIEEY 7B AN
BATWVWDE. 20kd, TEMEHIZE > TEBEA % — k2
BHUEER L, TEBE I 2 IV FRICEHT A 2DICIEBES
EOEMGCACL2BUEREE L ERILEBETILNERSD 5 .

MABESLHABERAGSCOBBOBEIIEI LHFAH O
AT 208 —BRWT, EHMENTOBEXETEEXHICET S5
—ZRARVIPRETIZBVWT, KFETIE, 2B 0 HRE»
HBHRIIEET2EDOBESGSLOEMBEHELZBEE I KD, E
IS T TOEUNERESLZBEIRRB LA SMEGB I LY
KOD2FHEERRERT 5.
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22 WMIRAR

MEREBRTIR, BEAS VP —PFPOERTHLI2HH, HESS
DHF ML, Table 2.1 12777 WCHIRL CoBFEDRENRD 61
AWM. Fig.2.10 THRAMOEBREEOHl 2z =T . RBREE
Ty 72 v Vi S EHBRE ARK-F2000 # Al VW72 . Table 2.2 iZ
ER LB IZ2RT.

Table 2.1 Cemented carbide alloys

WC grain Co,
: Remarks
size mass%o
X1 15
Enriched Co
Xl X2 Large 22
by trace elements
X3 25
Y| Y1 Large 25 Pure Co
Z1 15 Enriched C
z Middle nriehe@ o
Z2 25 by trace elements
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Fig.2.10 Microstructure of tested materials
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Table 2.2 Mechanical properties

X Y V4
X1 X2 X3 Y1 Z1 Z2
HRA 86.3 84.0 | 82.8 81.6 87.0 83.5
E/GPa | 465 410 380 377 468 389

RPOMBERIBTOEHARARICLIIBEMBMH 5. Co
DEPZWVITE, WCHRAREWEIIPBIRNTEILL AT WS,
AEBRTHWE 2HOFBEASLITI WCKHRERE CoEFEBI L
S THBPIREEINDIDT, 202/ FLES HRA & O BRI
ERB L 7-.

Fig2 11 ICBF DM EZ R L L7z Gurland b 0 K & i 72
T—2%77F . HRAIZ WC EWRRLBEREREZ L > TV
DIEDRDLNDL. HMZALNDELOCEBRDOHEXIXZ Co 28 E
ICEKTFETIZIE—FLR-oTEY, AT CoaFELBFE
BREzF->TWVD. BRAZFEZAVCTREL 2T 5 & KX(2.3)8
/BTohDd. ZZIiC, Dweid WC EH KB (um) T, CiX Co & &
BE(%)Th 5.

HRA = -0.934 Dy - 0.331 C + 95 .415 (2.3)

Fig.2.12 12 X (2.3)I2 X %5 HRA D BEH & & Fig.2.11 © EH 1 &
DHBEZTRT. WCEBHKMEL CoZBER2 AWV, HRA % &5 5%
BIZEHT LR TEBELEZ2S. RIT, K(NEAER Ot
AMICERL TR, REBRTHWEHRRAM OF T, WC & Co
EOHEM2TRAMBTHLEY V) —AMHOoBEBE 2R (TR AT
DL, TOFEHRBEISSum L EHENRS., XU —XMir Y
VI —AMEEA—O WCHRERAWTR —OBERELEMETREL -
CoHMIELEERDT, XYV —XD WCEHRBE%E 5.5um & L
. X, ZY ) — XMk Coibka e Thdd, R(1)D Co
BRFRODEBRELZUDILERNHSL LBEbNRSE. XU —X
MOBSZRAWT, COBEFEBORERELENT 3 L, R(2.4)
B"ELND.
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HRA =-0.934 Dy - 0.287 C + 95 .415 (2.4)

KQCHZAVWT,ZY ) —AMO WCEHRBZRET S &,
38um &R B. B, X, Z VI—AMOMBEEETHWT,
WCEHRELEHB TS DL, X, YV —XH TIiX 5.6£0.3um,
ZYY—XMTIE3.7x03um & 2V, FROEHMBELEHRLT
W 5.

91

® 0,
90 12% Co
®16% Co

P
89 % 420% Co
e | \ ®25% Co

S L

2 A

) B NN

ER \{-\\ \\

S 84 ~C

&, . \
82 \

81 I i L I
0.0 1.0 2.0 3.0 4.0 5.0 6.0

WC average grain size / pum

Fig.2.11 Relationship between Rockwell
hardness and WC average grain size
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89 /}
88

0//
87
‘/,)‘3

86
85 /
84
83 v

82 It L L L L Il L L
82 83 84 8 8 87 8 8 90 91

Measured HRA

Calculated HRA

Fig.2.12 Correlation between measured and
calculated HRA
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2.3 EMAR
23.1 EREBBILIUCEREH

Fig2. 13 CEMABRARXBOEBRZFST. OFTHZRAET D
O RAEHICHMEFMICEITICOT A -V 2K E/EY
ffi372. Fig2. 14 TEMBRREEBEZ A T. EBIRABRAMFZ TH
TEHEL, RVFRRIVEHTIHEEATHE. N UFORR
FEEMTIIBLEIRLZBITIIEZDICRERE LE. RRIX
ZEHEKXKEFP T, RRFEITX 0.25mm/min —E & L 7=.

< ©
ol S ©

P15

14

1.5

60

Fig.2.13 Test piece shape for compression test

670
635 @

//2//@

\

A
I ®
g | i
B T il

140

@ Punch @ Punch guide @ Test piece
@ Case (® Test piece supporter
® Testing machine bed

Fig.2.14 Compression test
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232 EBRER

Fig.2.15(a), WM ERH L EZEH - 0O THHBEREZTT. F—%
HTTTOEREEZ2 2BE L, T _RTCOF—FE2RRFTLTWS.
OTHBIBNMETHARRREL Rofee®, OF & 3.0%
ETOT—F2RRALE. EBREENEL, EBROKVIELIZ
LD XRIFLALRLARV. COBAHERNZ WIZY, E
MHEINBETLTVWRZ R b3, X3ME YL HZ2H~RT,
X3 MOEMBRENKEL, Co MHBRILOENBEIAL TS, X
VY=XLZVY) X EHANT, WCEHREBEDONS W Z Y
— ADOEMBINRKEVWILID2S. EBRFBERICE SV T,
500MPa Z MR E L, ZEMBOEMREH o L BEOTH £, 0
EfEZzMmHEHLZE. 2o R % Fig.2.16(a), (b)IZF+. BHEOF
Hoep DM, EMISHITWEML =% — EM/MICHEL TW
5. ZOKABERMETEIRIVALARVEE TEBEICEE T 5
2D, RGICRTREEKL 1 kBEEOBE CREL 2T - 7= .
EUKXICBNT, BHEOT R e,2e0 DEBRICEB T 2 EHEISH O
BETZE#HTL-DIC, YSEBROEHMENE—F L LE. 77
L, eoldX(4)THRH¥E 2. Fig.2.14(a), D)L R 5N % X 5 Iz K (2.5)
CEL2:EUEBRITVVThoMBICIENTLEZRBBLE KL
TWw 3.

(A—CEP)EPB & SEO

p
o= B B+1 (2.3)
B) (4 j £, 2 €&
) B+1
IS —_ﬂ._ 2.6
" T cB+1 (2-6)
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24 EMISH—BHEOT AR OHEE
24,1 B ZEIHE
KeHYZAVWTEHEHAMIZH L TREREZIT-o LT A, %
B BIZIZFIFT 033 THAHI LN bk, B ABLV C LE
ELoBE%E%E Fig.2.17, 2.18 TR 7T. 2 4, C L BEX L DO
BERRE 2KBBRTCEBPTELR I RS, Z02KEHRL
BWMEOERABEL2HANCT, HF£% 4, c2Rkd, XQSHITESWT
AR LER D o—BHEO T H ¢, #X % Fig.2.19(a), (b)ITR T .

A=3.117x102 HRA? -5.123x10% HRA+2.118x10° Q.7

C =8.652x105 HRAZ —1.439x10% HRA +5.998 10 (2.8)

4500
4000
3500
3000
2500
2000
1500
1000

500

0 1 [
0.0 1.0 2.0 3.0
Strain / %

(a) X and Y series-

Stress /MPa

Fig.2.15 Stress-strain curves by compression test
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Stress /MPa

4500
4000
3500
3000
2500
2000
1500
1000

500

1.0

2.0

Strain / %

(b) Z series

Continued
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Stress /MPa

Stress /MPa

Fig.2.16 Measured and fitted stress-plastic strain curves

4500
o S —
3500 / X3
3000 =
-
2500 ——
X3 Y1
2000
1500
1000 — Measured
500 ..... Fittedby Eq.3 H
0 L ] 1
0.0 0.5 1.0 1.5 2.0
Plastic strain g, / %o
(@) Xand series
4500
3500 //‘“/,Z 1
3000 ﬁ.;.‘ /
Z2
2500 / /
2000 ] /
1500
1000 — Measured
500 b————— «eeuee Fittedby Eq.3 H
O 1 i 1
0.0 0.5 1.0 1.5 2.0

Plastic strain &, / %

(b) Z series
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AR LIEHBEEANLEZBABRLEIBEILS K LAEAVWE S
BAELD. ¥ 2bb, BEBEASSE THIBENELS, REBE
BETRBEEILS—FHLTWS.

BMEBBEAESTAERLAZHBBROEESIE VDL, Fig.2.17,
2182784 K5I HRA B 8S UL LD EBRIZB W THEE 4, C I
BHELTEY, XQ.7, COPELURERR+STH B = &Iz
BERLTW 2 LEbRS. EEOBEA LY — O TFTEHRES
DRESITIHEKRKT2500MPa BE T TTHB I L2 EL B L, i@
SRL2HEMBROBEIT XI MTHEKN 3.8% T, ZI M THEK
56 ThHV, FETEI2bDLEBEbh 3.
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242 WCEMHBEELECoEERIZCESDCHTE

X, YUV —XDO WCEHKRE S55um, Z> IV —XD WCIEH
WEZ38ume L,XKQ2.3),Q2H%2HVWTae vy 7 U /LI S HRA
EHLE.

Table 2.3 IZ HRADEREB L VEHEA2 SR LZH DT, WC
FEHRBEL CoBEENPDODR Y 7 Uz VX HRAZRE LR
HTETWAZ RN . EHLER Y 7 U= VES HRA %
AWwWT, ¥ 4, ¢ 2k®», RQHTESIWTAERKRL R
Fig.2.20 27 ¢. ALUBERBEILCESSHEREIIHKARNDS LR
D o5>TWSB. & 2500MPa T, HERBZEZIXI X YU —XT
BK 48% T, ZIMTIE83% ThH 5.

Table 2.3 Measured and calculated
Rockwell hardness

Measured Rockwell | Calculated Rockwell
hardness HRA hardness HRA
X1 86.3 86.0
X X2 84.0 83.9
X3 82.8 83.1
Y Yl 81.6 82.0
Z1 87.0 86.9
‘ Z2 83.5 83.6
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Coefficient A4 /x103
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Rockwell hardness HRA

Fig.2.17 Relationship between coefficient A
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Coefficient C /x104

0

and HRA

L

1 Il Il 1

80 82 84 86 88 90

Rockwell hardness HRA

Fig.2.18 Relationship between coefficient C

and HRA
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4500
4000 A —— ==
3500 — /'#xz
< 3000 i
S 2500 #
m‘ - X3/ Yl/
% 2000
5
1500
1000 Measured
sesss Fitted by Eq.(3)
500 — - = Generated by HRA4 |
0 ' ' |
0.0 0.5 1.0 1.5 2.0
Plastic strain ¢, /%
(a) XandY series
4500
4000
3500
S 3000
g 2500
2 2000
7
1500
— Measured
1000 «sess Fitted by Eq.(3)
500 — -~ Generated by HRA |
0 ' ' '
0 0.5 1 1.5 2
Plastic strain ¢, /%
(b) Z series
Fig.2.19 Comparison between measured curves and

generated curves by using measured HRA4
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4500

4000 X1
o =" X2
£ 3000 S re————
2 2500 e e
% X3 Y1
% 2000
7 1500
= Measured
1000 «==.. Fitted by Eq.(3)
— . — Generated by
500 composition
0 1 ] A
0.0 0.5 1.0 1.5 2.0
Plastic strain ¢, /%
(@) XandY series
4500
4000
3500
g 3000
£ 2500
4 2000
1500
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1000 =ss=+  Fitted by Eq.(3) |
— = Generated by
500 composition
0 1 I I
0 0.5 1 1.5 2
Plastic strain ¢, /%
(b) Z series
Fig.2.20 Comparison between measured curve and

calculated curve based on microstructure
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2.5 ®E
AEEBEELAHABBEASEOEHMBHEITI O OVWTRFLERER,

UToZ et bhroil.

1) EREREIX, WC EBHRENIKREZWVIZY, Co BFEZVWIZ
E/NEL, CoBMoBILIC I THEFRELI RS,

2) By 7 U x)LiE S HRA 3, WC EHR B Dpck CoBEFEC
D 1 KB K HRA= -0.934 Dypc - f C + 95.415 THH TE,
B fiX CoS 4T 0.331, CofimI{La4TO0287 L7225,

3) EMIG N o LBMOTH e, DEBRIT o=U-Cey)e,” TRH
TX, ¥ A4, Clinvy 7 Y2V X HRAD 2 REKTE
HT&, % B1X033TH 5.

) EfIEH -8B OTAHAHBERIIe Yy I Vo VEBEIHDHWVIEE
EHBENPOHEETDH I ENTES.
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BIE SHHBESLRABEALOWMBLAM

3.1 #S

Fig3.1 CHERANV IORBBERFSF A ORFICLIIBED
T7utRA%ERT D Figll@QRFAICELEL A OWBEEM T,
ZHEROEZRLLEFEA (NP TELBEBOLAEZHEK) BB 5N 3.
FARBLEOSERICHEMIMBAY AL, B FRHIC NN
(Fig 3.1 B < BOLRZHEE) R Ih, 20K S NEK
B2zLEtEbdl, TERERY, ZOBATITARNEMITEL
LEHBrEaEnNDd. FAREBOEXHE, CTLOEEELAZLAD
HaEXTmEORBE»LHE T 5L, FAIZiZFEMAL N/N=0.08
DHBHOBRHHIZCXHPIERSINLTEY, ¢MEMAIZEOER,
BRICXBEINTVSE., 25 LEBREST o R ICB3ZERMMBO
WMELCAMPBLIEET I LEZLNDE. BEALSOMWEL A
oW TIE, i Ah 0 fice vy h — 2B IRBRIC L B At E
CAME 'O BEKAVLLS D, LBENKEOBELYFR
BEE~OHEACEIBRAR S Ebhn 5.

AETIEH, FEREZAVT, ARBELHEBELS LS OM
BEBCAEZHFRS.
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Hoop direction
< >

Approach inlet

L «4&*4 #W{«

’Tihf ri -4

Approach outlet

(a) Die surface after life
Approach inlet

Approach outlet
(b-1) N/N,=0.08

(]
.l.....-..l..---l---{.---].- } ,';. ! wod _.r...u-.,lrl .......

(b-2) N'N,=0.16

RN I A S T A U

- s e

(b-3) NN, = 0.57

(b-4) NN,= 1

(b) Product surface

Fig.3.1 Failure process of die in steel bolt production
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Microstructure of tested materials

Fig.3.2
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3.2 3T RAR
3.2.1 #RM

HRAMIZ, BEA Y —bPOERTHLPH, HEGE&DOTP
75 Table 3.1 IZ/RT WCEBHRBEL COBFEDODERD THE
ZFRAWE., Fig32 l#HRMOEBEEREOH 277 .
AR TIE, 3 ABMITFTRREZAVIHRECAEBEORAE 21T
5. Fig33 HABERKRE2 3. RABIC Fig.3.4 IZ/~ 7 EC(Edge
Compression)iE ‘P2 AW TTFERHOEBEALIT o 2.

Table 3.1 Cemented carbide alloys

WC particle | Co,
Remarks
size, ym mass%
X1 15
Enriched Co
X | X2 5 22
by trace elements
X3 25
Y| Yl 5 25 Pure Co
Z1 15
Z| 2722 2~3 22 Pure Co
Z3 25
14 .
¢
co -
™ ’
o™ D0t
]
L 60 19 7
R30 R30 _

~

Fig.3.3 Test piece shape
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ECH LI, RBRAFZEFFRNICEML, IR EXE D ITH R
NEREIRDIZILTUREEZEIREERT D HET, €7
Ry 2 AR EDOEEMEBIZEISAVWLERTWS. Fig.3.5 IZ EC
O FEMfEM#EREZ AT . ZABRAOEABIZSIRIEADRBEL T
W Zenbnrd. EHRPOUREZOEPLRHEEL, 5l ERL
HETERTHIEEZOLNDE. RRIEIEFEKRET, RBREE I
0.015mm/min & L 7. Fig.3.6 &b TEHOEKRE T,
O AEIBFRTEEPEASATWVS.

Load < U Load

Fig.3.4 Principle of EC method

Stress - Y (MPa)

375

18.8

0.000

Fig.3.5 Simulation result of EC method
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1.0 mm

Fig.3.6 Pre-crack generated by EC method



3.2.2 EBREH

Fig3. 723 RnthiTRBREBZ=T. RBBEIIA— 757 %
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Fig.3.7 Experimental apparatus of three-points
bending test
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Table 3.2 Experimental conditions

Materials Experimental conditions
X1
X| X2 Room air(24h), Water(1h). P100(16h)
X3
Y| Y1 Room air(24h)
Z1
Z| Z2 Room air(24h)
Z3
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Fig.3.8 Relationship between load and COD
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Fig.3.9 Variations in fracture toughness with material
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Fig.3.10  Variations in fracture toughness with test piece

holding conditions after pre-crack generated
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Fig.3.11 Relationship between fracture toughness
and Rockwell hardness
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3.3.2 B
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Fig.3.12 FEM analysis Model with pre-crack
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Fig.3.13 Relationship between tensile stress at point 0.05mm
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Fig.3.14 Relationship between tensile stress and
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COD in FEM simulation without pre-crack
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Fig.4.6 Hoop stress distribution at L/D=4
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Fig.4.7 Inner diameter D and d
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(a) View of micro-former

Fig.4.10 Full view and forging area of former
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(b) Forging area

Continued
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(a) General view.

(b) Dimension-

(c) Enlargement of H in (b)-

Fig.4.11

Die for final forging

81

=) 2 r
e ® /
A
=~
A A -~ s
/,-,{\\ N '
| Rl. He Rl /
2. 11. 3.




strain /X 10-3

0.07
0.06
0.05
0.04
0.03
0.02
0.01

| 1 | | i \ ]
1 2 3 4 5 6 7 8
time /s
Fig.4.12 Measured strain wave in forging test
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Fig.4.13 Hoop stress distribution in
pre-forging (D = 9.0mm)
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Fig.4.14 Radial stress distribution
in pre-forging (D = 9.0mm)
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Fig.4.15 Stress distribution in Z direction
in pre-forging (D = 9.0mm)
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Fig.4.16 Hoop strain distribution in
pre-forging (D = 9.0mm)
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Fig.4.17 Variations of hoop stress at point A
and B and hoop strain at the measured
point M in pre-forging simulation

87



Fig.4.18 [IHRMKBEER THRIZBITEI2FXAHAFAMIGH DS
2T, THEEOMITHERLAKIZ, ¥4 NER2EKIZ5 K
WABEELTEY, RVEHEDO AR, BREZHPLIZEFABY
CRKRERBIRISEABEAL TWBH.

_ o |
200 300 400 500 600 700 800

Il os /MPa

Fig.4.18 Hoop stress distribution in final
forging (D = 9.0mm)
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Fig.4.19 Radial stress distribution in final
forging (D = 9.0mm)
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Fig.4.20 Stress distribution in Z direction in
final forging (D = 9.0mm)
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Fig.4.21 Hoop strain distribution in
final forging (D = 9.0mm)
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Fig.4.22 Variations of hoop stress at point A

and B and hoop strain at the measured
point M in final forging
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(b) Larger magnification view of crack

initiation zone I shown in (a)

Fig.4.27 Fractograph of die (D = 3.7mm,die life N = 36814)
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(c) Larger magnification view of crack
initiation zone II shown in (b)

(d) Larger magnification view of crack

initiation zone III shown in (¢c)

Continued
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