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Study on Microstructure Analysis and Numerical
Simulation of Equal Channel Angular Pfessing for

ZK60 Magnesium Alloy

Abstract

In recent years, magnesium and its alloys are the lightest applicable
structural material. They have many good properties such as specific strength,
specific stiffness, good thermal conductivity, ease of machining and facilitate
recycling. Therefore, it has been widely used in the area of aerospace, automotive
and electronic industries. However, it also has the poor ductility and plastic
deformation for the hexagonal close-packed at room temperature, which limited
its extensive application. It is well known that fine-grain strengthening
mechanism can not only enhance the strength but also improve the plastic of
material. Therefore, the study on the method of grain refinement has important
meaning in theory and application.

As one of the methods to obtain ultra-fine grain structure, Equal-channel
Angular Pressing (ECAP) has been widely studied. Many metals and alloys can
be effective enhanced by the technology. As the plastic of cast magnesium is poor,
the pass of successfully extrusion is limited, and the cracks of appear during
ECAP deformation. Consequently, a hot extruding was designed before ECAP
processing to make the deformation of ECAP easier. By mean of severe plastic
deformation of ECAP, the material can be remained uniform deformation, defect-
free and no dead area, and the microstructure can be changed into equiaxed
crystals. The technological parameters such as process route, back pressure
methods, structure of die, temperature and velocity of extrusion were determined.

The first pass of ECAP processing was simulated by using a finite element
software DEFORM-3D. The influence of velocity of material flow, temperature
distribution and effective stress on extrusion part was analyzed. The evolution of

-III -



WRIRE T NE T LR L

microstructure and the process of dynamic recrystallization were also simulated.
In this way, the dynamic process of microstructure before and after experiment
was obtained. The optical microscopic analysis of the samples produced by
casting, hot-extruding, one pass ECAP was taken, and the mechanism of
microstructure changes during ECAP processing was studied. The SEM was
employed to analyzed the extruding part after 4 passes ECAP processing, and the
precipitates in the stereoscan photograph were subjected to energy spectrum
analysis, in order to determine its chemical composition and the differences to the
substrate metal. The changes of grain structure before and after experiment were
analyzed by a combination methods of finite element simulation and experiment.
The results of simulation and experiment show that there is a good fit between
the two.

Keywords ZK60 magnesium alloy, equal channel angular pressing(ECAP),
grain refinement, microstructure simulation
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-10 -



MCEE T NETEm AR X

fl(xl) fz(xl) fu (xl)
F = f1(x2) fz(:xz) fM(xZ) @-11)
fl(xN) fz(xzv) fM(xN)
fl(xl) fl(xz) ’ fl(‘xN)
F = fZ(:xl) fz(:xz') fZ(xN) 2-12)
fu (xl) fu (xz) = fu (xN)J
w FAFIRERE Y BRI (2-13)F -
fl(xl) f1(xz) f,(xN) N
FY = fz(xl) fz(xz) f2(xN) y:2 (2-13)

fM(xI) fM(xZ) fM(.xN) }’;v

HE-13)FM FY 0947 i TR SRQ-12)FFIEMERNE | MEMAR, wRe-
14)9?7?(:

Zfi(xlc)ylx =’0WiF.[Y1 Yy, )’N] (2-14)
FHFF, 22—/ MXMERE, mR2-15)F7R:

i) fi(x) o AE)][AR) filw) - fu(x)
FF = fz(.xl) falx) - fz(xN) fl(xZ) fz(xz) fM{xz) (@-15)
fM.(xl) fuixz) = fu (.xN) fl(xN) fz(xN) fM(.xN)

FFHAFEIITHE IR TERRRE ¢, WX (2-16)FT7R:

HV =HV, +k,,d™"* (2-16)
I MR, FRHERQNFRDZREABN—FH IR EREREF, &
FFRIFY, RJERKMBEHFTEHDMNKQ-17)H7R:

FFC=FYCKARZEHFE C) (2-17)
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222 FEMBRENSHEELE

MNTHFEEEMHRKRNEE, HEEEXRALENES T ERARTEE
FWBEMER. BEXAWMITERBRIELHER NS b8 E—F
FHERBIERMER B AL R RI(FR AT NMEEER), REHLERIAM
FiERR, FEFRERHREMZHARESIE. £ M EEXN TIRLEE
BRI ) &, BIEIE R IR YERERY, MIRAFE& Atk [Ea 50 i,
FEH Gauss-Netwon %EF Marquardt £,

23 ECAP HiEPHESEMN BN MALEENIE

2.3.1 BMAENENX

REERFRS BRI BRI NOER, R BAERAF SRR
ok R, BTHSRFHEBAML mm B um HEE)KRER. BREL
S, RHAMERAASREAM SRS, FURKEE. SRHEREN
BB NAR 5 2260 T SRR AR, SR/ 4 EAE
B S 2P R BRI KR, BT B AR AR
MT SMAEkEE BRI A . —BERT, BRALTLIEESEMETE
RIRRE(s,)s WHBE(.). B PR ETE . EYRREH, TR
ISR S, BRARLYSIMMREI SRR, BAEBEHAYTH.
FEt, BRSKERK, EBHRENRKA, FUMEREE. B
M. Eit, —MERBEREES. PHABREFNEALE, SAEKEH

HEé *_\-‘1:[45] o

232 FEIEBBERHE

1L FESBFTHER EXRIREF, flmARBEFNEET RN UE
TEREREEEMERS, EREREAESVTRESEBSR. FARXEE
BRSBEFEN, TRERA “51E7. HTEREBRBREULFNES
arAn bR K, TREHRA “RNEL”.

2. BN BER AXREREY, MEEBRIMNASRTEEANS
#, I B AT CARER pde AT BE . XL BE Y SRR LA “ AL T &

-12-
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B, BERRANMETUSEEANEFTEFL, REBETREAMRE, A
KAKmFRUREARRT, TRERTHN “hb”, #8444, BAX
REREIETRER, FURMNKRZA “3h&”, MHTHRE LKA EZE
LMNEBFmHTHER, TAR—MFHNZURNEAERT, TRERINKZH
“ELL” 3R, AXKRENBSERETIHE.

3. ESHEER EXRERET, WHRAEFNG &%, BAfEAKK
BASARA. BEE, XERRERRHARBHFE, FHATUERREK
Ko RERMERB ALK EBBZEE “HRT” HHER). T XERE%
REZMSEF=LEHENZE), ERSRBHNAOKANERKEILE, U
XEBEMZA “WEHE” .

4. HEBER ERVE, EMUAL B TRRALRBSRAEZRE
HRBHIREE). R, BRE, E—TR&GNEE, E—MrERER
WiE, AR TRsHIl. —BEXERETLT, ENMNBSRABYS RS
B, FRK. MAGEKKTEMFSRKABREERFILE, ZRFEFRL
A BET BER.

5. MAEEBER ERBEES, SuTRELRTERNAR. LT
mARARERS: B2, FHAXEENGTREESHiymmfk, TaTTHE
£ YR KENL, BREAR MR, BMERERERZVRMELE &R
BMppld, BEdTHFERARRT, XBRIEL “B4 8”7 HAREZE. B
ARRREERRIRETH, FAR—NRFACRILARIKER, BrCgER
ZA AR B

6. RIFHAR% T, HRMRHBXIR, & mER 5 m e E
VRENEL. XEABRETETELSMAHE, HEERIBMESR. XER
ZA “HTHER” BB

2.3.3 ECAP B @A AL 5%

ALK T ER AL BN E &M, MHMESL. TR, KBEHR
FERRIE E B 3 7 T LR B A R & & 4R, HPHRBMRR LR
BRI BHRR, 6N, BF, BRRENESEESNE
igie, WAL RILGINEE, EFE/LERTITRERMEBREAFE
(ECAP). mEHHEAERLEMITiE. ECAP BJER UARBEMEER A FTIR,
DIRBEA RN AEERN, BESEMBERIZIBHRRRLH, BEME
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FBHREIRT, RNRE T e ERRE AL .

AT ECAP LN, @RANATUDA=ZNTER: KR RN ETHYS
AR AR, AR FEEREE MERFE &R, BEED
TREATE P RS, HIT KAEAFNEFMRAL, XHEHAHARN
KEFEM, CETEFMIE IR, 5 UR X L 55 4l deohr F1 08 1 57 ) &
¥, FEERKE—SHN, RABRAERK, KAKEFER. SAKE
ZMW, EIEHKEEEHKHEM,

2.3.4 ECAP #BZA BRI FZ L E

RIFINSEBI VI & ECAP MIHIKE, EMXTLEMESBREAL.
ZRNERITENREN, BTREBRAR, & &R LR,
SNHIARRE . ZBRAGEH BRRS REY, BRAKERILIANAEES, &Y
EMKRRREHBEC K. MERREH# PR, MERKEHENES,
B RSTEER, ALEERAMEAEAE, UEASERBARE, B ZER
M, TR ARERFRRAERT, R EASARRTEAL. A
Hig L, ECAP MABIYIRFKRREH M, MEHHIER, HFERBER
EHK. &2 KEIH ECAP BHRH)E, FIBIMERHAINHL: (1)
A SRR KA B dn - an L (M R UK E R RN E R R EK): (2) B4
eAL KDY (EEMHIRE M R): () FEMFREEVMBI R LG
Bg [47] o

2.4 a2 L3RS SRR

E4 M Hall-Petch AXFTUARMRKZHIER T L RMEEEE. EE
H5EHERRTHXRER, WRAR-18)F7:
o=0,+K-dV? (2-18)
Kp: s HERBE: so HREFH, DPERBMEREE: K ARKFXRE
EWEENEE: d A FHRERN, SR FYER.
HV = HV, +K,,d™V (2-19)
KNP HV AP RRERE: HVp AR LR AN IER: Ky BEE &7
SRETERK/MIFEE: d A FHERRT.
A (2-18) (2-19)REA, FEy kR R~ 89K/ B8 B 5w bk ) 53 B A0 i
E. —RIERT, MEEGRBgA/, HRENERERSES, BEFHAENR

-14-




W RERE T T 7R

TR, EHRER, HHERALE, MERRENEERNBRRES.

| % i & SR HEIE BN LIS & R RIRE ST BT &R 57 PRI RS R A R )

| AR, KP—MeRarORBRCE A T RREREA DM S, T2
ERFLCERTREMETMFBNAE L. RAREFENGE, 7488
WERR T EENALEEZE), PEES. GRRSHED, & UUERMALH
Kbt b, JFEhMBRRAI R RISE N e K, ARE&RF SHRILGEE, Ao
e RFAERZAEAAR RS, AR EA, aFHEES,
MERRERANER . o, HT&FEBEHRE S S HTERH B RE
R, FrUldERigiib/a, SFHEL, MHE2HLEHRES,

2.5 KE/NGE

1. R THRTENEAE R, TIridRERNA;

2. MRk SR R B AR R, B AR R MO P BRI )3 0 vk
R R F v BT E#AT T R

3. @M ENMS. ShEFERNME. RHALTIEUR ECAP &
ALHLHHET T Rk,

4. iR T SR AT R G S RERIZUE

~15 -
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#3E ZK60 25 E ECAP F R T4
3.1 Deform 34577

3.1.1 Deform B {EHITH E

Hal, E/ELTITHERERBTELK GRS, E77 58S
FRAMLERITPESHT N, BARDMERTKMESE: MARC. ANSYS
F1 DEFORM %.

DEFORM 5 XAl AR HAR, EHERGHAFRERT, SHEN
HE R ARSI E, (R IH&E e MIT B 0 SRR T TR AR
TZ. ERHHE RSP SRR AT N TSR, XEELEN
EEETZEZTENBENME B3RS IhEE, LHMEB5%. DEFORM £F
BT LTEHEMRS, FXRHRER AR TS F a2
ITZ. LB HENEREA M TEE, HIihggath

1. BB TP IR TRAAEGRNIERE, BEIZRBAE,
Ty B 1a];

2. WA R RERNTE, REME, BEAF ARG, KRR
AT BLEHN;

3. BTSN TR B,

4. BUEAFP#ITREBEXINGE, BEFEE X EHOWHE. EHER,
TS 24 A R LA R R B R B

5. EHEIER IR EFT OB, ERIEHNERG. EERRER
&, EXRFEENEA, WAlLUETREARIS, MTiEE EE RSB EER
IR 1 H R

ELF 4 DEFORM B4 Hr X % :

1. FFIE. 1. L. Bag. EE. RO BERENRETE:

2. BR. FRNS . BUTE. BRNS. BB,

3. 4. #. BEEREAHAESRRES;

4. BLPHRETE:

5. Rtk B HSEME. BARRERME. BEEAREWE.

-16 -~
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3.1.2 Deform {4945 5,

DEFORM £—MtX TR, EmEAS,. 5 CAD KA T&ERER 8Lk
wEMT. RAETZEMNEEAMERTITRG RS, REERAAE
MEIE A . BEAERELELF AR, BIEH DEFORM KHA]
D EH EEMEN N TEE, ExmIaEs ez, R
A REH BRI ARAL, MM R T RMITEMFE, wb =L
FERMIRBIFIZ TR, KRR, WHREBMER, HEET=ROFRE
M, ®’&ETRARE.

DEFORM {4 7] L4} DEFORM-2D F1 DEFORM-3D BN iR,
A B R E M= R . DEFORM-2D X X F 40t #7 F1F
MK A 4T, DEFORM KB BRERZAAFERMAEMAER: H
Z [ XYR, HH.DXF, .IGES EfH#EEMmAEO; H2 DEFORM-3D
HIHH.STL, .PATRAN, .IDEAS FEFEWMAEO, BRIEZ 4, X/ NMIE
B ILMIh AR, BT USRETAE. BRTH G A= KE
B,

3.1.3 Deform E#UAFA B 2 B9 B A [RIB A0k AR 45 1%

DEFORM #/E& ¥ CAE kB LA 3-1, F DEFORM #HTHARAE T
ZiiEE, KFIEREARE:

1. BT Lagrange X ER KA R IT A EREEULE WM S ;

2. F Euler #& XA BR T A BEFEVMBER M B SIS s

3. MG SHRAZRIMZEER, RANAEMER, SREBREH
T AR GE b AH LA R AL

4. K FA P ifg AE ) 5 2K B TR) AR o A SR AR

32 ECAP EIRTHEBEBIIISHEN
I FECAPE TR E 2, ME SRR MERRZ TP NS

Mg KRS A RER SRR EA HERE, TUFLEXHERT
B KA ECAPHI AL 2. B H R oA HLAT DL E W 3h A4 3 22 ECAPRY
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BRARE, REERNZEFH KD A

CAD\CAE #RIFALIF A

Il

Euler 17 FRAAFRPI#E X1l 5

4

FOERRE Ry BEBORE AR 5

1

TEBHEX

!

CAE K #

{

JE b

F 3-1 Deform #{44 CAE Kt 72
Fig. 3-1 CAE solution process of Deform

3.2.1 BIRTEBET

A 5T I ECAPHT E 4% B i b 3k (Punch).  [M1#%(Die) 13 & TR AT (Plunger)£H
B, HERAEUGHHFEN. —4EAHUZHGHKRRE HTEEA
“st1”, # ADEFORM-3DAi B & O3 JLAER S A . T THEECAPIIT
SR EMEE, LAY ETFREREHER, BmREERISME, W~
AR T AR 25 TR, BF THEEIRE LA, SERTTHERTHE
M, HEME. mLMTETAABFTEMNEL S . MEEHRMEEA
200000: RFEM EHE AZKO0E S &, EHFE MK EAH8000; M kML KT IE
M ¥ £ 410000,

HARTHEER NE3- 257,

-18-




MyERE TS T2 08

i
K)3-2 ECAPT PR et B RY
Fig. 3-2 FEM model of ECAP

322 B E

HARTACE, BRA SO ERRbR#E, BEA simulation control BH % E
#, 2K, ¥k, kg, LPRE, REEH. EFMIAEELMNTEE
MIFIGIRAE A 200C. UFHATHAKCH 11, UREBRHA 03. HAH
AREM—NEIE, SREA 44MPa. Pi. P; Al P; 475 RFFEMFRILES. S3pHn
B, BEMLE P, MINEEHEFANEEREA: P, A THETI: BH P
EHEAF AR B
RIE Avrami FFERE SR THRUBFEER S . hEFERERS
X, MENE e Z B FE23(3-1):
X, =1-exp[-B(¢ -0.83¢,)"] 3-1)
AH: B, k AEE: e HIEEMNTE.
BB 4G ah d B RT R B K (3-2):
d = Ae" ¢ "d, exp(Q/RT) (3-2)
KH: 4, n, m, k AFER: d ADNESBHEREFYRRT; d heh&FHE
T ERTHIEY @R R O ABhABHLS RETEIER: R AERREES
TAMEZBERETREE.
FAZ c&ERIRETE & EHHE, wkE-3)FR:

-19-




d =6.74x107° 2751393 24 ex1(2 864978x10° / RT) (3-3)

3.2.3 JLAN k2 ol FR pg4b 38

1. BEPKEIEE BT ECAP TEMBMEERERZ, 5 TrEMsK
RIS, SECGHESR, FHx TFEEL KM E ZEEER/MIME, XEXTER
HEAKSER; EERITMET, SBAZAEARIFHRTEN, HNAH
fAZAREE. MEPKEERK, LTHAMB=ZAEREKETHHA=H
¥, FRTEENL, EFELPKN—BARTFERDMRTOLKN 13, AXETF
ECAP TEMFA, BEFEMHTREZIX—RE, SHMENALERES, &
H#AHB/PMEITTRTH 17200

2. HAEMSIEE FECAPIMLIY, MASHFEHFZBHEERE I
REENSH, BEERSHR e IRIEARTR BT ER T Z5iiE,
HEXMBERAREERBEHITHEASHFEGZ BHANKEERE, CURAMN ) H
EIREBIRE. MINEEGREEE A VIEE, i, ERESERLTE
TEYEFEAMABREMAERY, UBREFEHETRTTRIZ, mEid
ZHif=ATRTE, REFBENMEEDSERIT AR, BERERAH
78

3.3 ECAP #B{lER 5

3.3.1 TR E AR

WHE 3-3(a)fr AR —I1EIK ECAP il /L& R A sh i fE-if (B ik, W]
LB, EMTAIE 3s BEIA P P A P EMBIHITRSHERRAMR, HE
A 2mm/s, SHEEFEHAR. EMMIKNE 3s JFE, P AMERRZIEREER
BiREAAL, FEHEK. [MTHTRIEE 55 B, ZAEMETREIRE2IR D
B A 1mnys), BEEEIERE EFH#EY, HEMLHTEE 6s if, ZHMR
HERCBI THEER 2mm/s; P, LbHIEEERS P, LML, RERIE
ERIFFEAAEERER P ABAME, HEDASIERZLAN 1.8mm/s; i Ps
REMLKGE 3s bHBRNERNRIREZS), BEXRENHARH LA
HE T RH#EY, TUEERYERS T —AE 2mm/s LABIBIEFE. XTHHE

-20-



Point Tracking
Velociy ( Total vel ) (mmssec)
213 [T T T T T
o Y\])»
X -3
m |
[T & ] . J -
0 | 3
[ ] Dead Zone
0057 b e P
114 241 367 494 820 7.40
Time (sec)
b)
Step 1206

Velocity - Total vel (mmisec)

(a) B—EW ECAP T LoEBFHEH M 5hid
(b) HF—IEX ECAP fin LREME AR B A
B 3-3 H—iBIK ECAP LAt ELA BB AL MR BhE BE
Fig. 3-3 Velocity of material at different areas during the first pass of ECAP
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MRIEE T NFETHM ¥R

8 Py A Py ReMITBIEEEM TSP HINTRE, 2L —e&/IMEE iRE L
7, RETMEGRSIEEHER TSR ZEHILERE, TMMLIEE 3s &, Py
MMEELHANTFTEENE AL, R SEEREK, BRETHEEDN
AEE. IA-NHTEERHA, N REYIRR, ZEREFEM RN
frthgss, AEhEBESRRELENENS.

B 3-3(a)M(b)+ Fr k7 FMURA BRI T 1, RNRF LA ERE
ZESK A AR EE . ARECECBT AR, % F=90°, ¥=0°Rf, 7
BFrE A S HRRREX . ENETATLES, BNMELE, %Ak
BRsEREE K THEERE, HhabBESMOBLHRETMA—B, %5
SRR ERITRBN T | R [ E R AR S KT [, AR ERAL T
ECAP NITERFFRMEFIH BRI HI. XIEHATERKE RS,
XHE R ER BERBR, HRIET ECAP MILRBRTHINZE.

3.3.2 B EIAIEH

WA 3-4@) REIZE—IEIR ECAP ML LEMENERESD S A. NE
FE—Bfla) ghER AT AE B, ZEMTHIET 3s, Piv Po M1 Ps bKP RGBS Y A TR
BE 200C, BREKEWETN. NINTIFHEERIE 3s TTHE, P b e B %TF
WMRAE AR P, MMEBR MR 3.7s HIFELF; P AMEERE
EARSRAENERER, AAMIITERE 4 4. MNFHELE, P, SHEER
%, HB&EEEE 207CLE; P bikZ, HESMEIET 203C; P; &bHtEHE
EIHERAHE, HEKEHRNA 201°C. X2 H BT R o e BN
FisliEr. P RBEERS, EAXLCEHTRENRIZ, BEEMEEM
FEAE B I B TR VR A A R P9 B R B PR S IR, REELVE IR AR R K.
MEREIRAN—ERE LR R ZXEAENRA, MELHAFSRD R
), (B, RAEKANTERE. DHEESNREBEENTELE SIS
MRAEMST. Bt P AEAERABERNE, FEFEREERS; P, &
RZ: P EBERRENRA=ZAFHRE D, EEEHLARNT P, A P,
fb. M Py SEGIEE—HTE] 2R IERT LUE HAE 5.5s FHERE LA B —EE)S,
RET—MPREMTR. HRX-IARZFELZRAN, kit P, ELEITA
HiE, HYRKERAWEH/LPBARZ, miztits5MERNYETTEE
B, REMPEBIRERBUEIZLEREEREE.

W 3-4b)FTIREIR, B8R ECAP TR MHFEMRERESH S
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a)
Step 1206

Point Tracking
Temperature (C) 205
09
w |
o I w2
e =
m _ ] 20
200 2
120 24 752
b)
Step 1206 Yorrperstus (C)
i g
205
am

(a) SE—IBIX ECAP I T-LE# K IR %
(b) FE—EK ECAP M TREHMERIEES
B 3-4 F—iB X ECAP LA EAFSALHRES
Fig. 3-4 Temperature of material at different areas during the first pass of ECAP
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WY KIR BT N T8 #A8 X

fi. 58 3-4@NLEATUEY, LHEMENEREERSTREME . REX—
AR EERRAME, H#ETNEETTEN LIRS 556, FHEEMNn
BEAMTIRRRE 200C, HMEEET &N LR 52 REMRMER, FEiL
REMEEEBET OBMERNERE. EdTEMAMIIRERE 6s, A
URAEMPEEREHARAE, PrUlREMLEME ZREREEHF A K.

3.3.3 [z f11m4EHL

WA 3-5@)FTRIIZSE —IBEIR ECAP 0T .0¥H KRN 1350 Al 45
B. MR H—BflalfiEEaTAEH, P, 2N HERK, &F] 84MPa LLE; P,
REETZ N 3 R/NEE Py &b/, 2% 33MPa A4 P b S SN BN, 45
20MPa, XZH TEE—IEIX ECAP ZRIES, LI P, FABEEA, 7™
ARIZI BB, HRIZ AR R R B v i N 35 SUE AR L4 SRR,
ERB T ZXEMEEERAEES, M EE N RFAER KI5,
RBRAEAB LWL, XEMESHIERFEFHS, BREREH. MW
FERAEGRASH— P NAERFRAERT, 5IRTHAESESH,
M ERAEEMN . X—KBMHAFEETNEL RHE ECAP &RMAKHEE
BlEl. M PR P B EMAIFFARSANEAEE, BhHTFHEAER, FE23)
—AMBARRRN S, XMo@ N S EENGRE N, PriRftrat
B BMMNBEEERK, FUSEBSRERWL P, &b/, 7EH OEE K
EMT HFEAREBIN DK/, FXHERT ECAP RN HxtH k4
EFIAFIZ M, MDA S FRREE R4 A B = R R AT Rt .

T 3-5(2)FIb)FIN 1355 Rk, REMEHEM TR 2%
RS HEBM BT R 1B K. MR A i =ETUUE N, Wi P, AEREHZ
FIMEHN SILE] 70MPa A4, L2 BIMN AEN A 40MPa £4, X£
B OB R M 2 B R R I AR EEEEM. b HaiERl
BEBETREAN —FEH, BEEUIEEISMENRINDEEEXRE
1k, FERMEAEEEHELPRBE LOIEE 3-4), 4&RE5IRHsIN M,
M REFAEERS . ZERNS5IEFEAERTE LRaEEAR (0
B A BN BRI R 8:18), (HHTF &R RE TiX— A0S,
EHHBART MY, "TENEZELSSBEHEHREHHMERL. BX
SCHIR A ) E T s Sl e 2 A B EMREIER, WE 3-3 faTiL
FHREAMENFSEE SO REIEE LS. o RENS EX %
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Step 1206

Stress - Effective (MPa)

Point Tracking
Siress ( Effective ) (MPa)
2%
- e B S B
3 —
72 | 2
X —3
02 | i
s g(wz.ws)
%3 |
103 |
1 ;s 0.250 Min
- ®02.231) ]
oms |07 N X R . 120 Max
340 o0 214 9 “3 %7
Time (sec)
b)

Step 1206

Stress - Effective (MPa)

0.000
0250 Min

120 Max
4

v
N\

(a) F—IEIX ECAP i L.LEi bt BHHIRN J1 3%
(b) FE—EIK ECAP I LEREMEHIN 135
B 3-5 55—iBIK ECAP i LA AR R3AL N /135

Fig. 3-5 Effective stress of material at different areas during the first pass of ECAP
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WyRIER T RS T2 #4608 X

% ECAP FtIEF R ER BE1EH.

3.3.4 tAL04EH]

B 3-6 B-HIE ECAP HEM I, HEMFR& IS SR TRIZUE
Blo BABRZORERBLR T O BE, B0 um; YBIRRRBHEE. WE 3-6
FEUEL: K P ARKMRTHEEN 1~6um, HFHEKRTLHA
2.40um, AAXTTHIGE @R Bolh. XEHTE ECAP HFEMIYIM, HEMH
BISLER Py EHABEE AL, FARZIKIYIEHER, HWRIZIZREM
FREESBXREME B EAA RS, HEES R B ER KNS
Y, WFKEMELSHER, KEMHERXHMEERFERIS, BRERE
. MERKNEGFE—SELAPARRFMKAKET, SIETIHEF
Zidh, NTIALT kL.

———r v e o R
Mn 338514 4

Max .18 3887 -

' l ~g 131168 E

$.D. 5.19168 E

Kl 3-6 RREAIMALHEULER
Fig. 3-6 Grain size simulation results at initial stage of deformation
WEHASFE P, LB RTHEEA 2~13um, HFEHBRRTARH
8.97um, X TG RFIIEH R, AL 10um BLERHRERAE, RE
LERMRBAERRTRADNIERL. 7 P, SWHFESE, BT HENE
A, T —AM8DHREN S, FRUEMEEIIEMCBES BRI, BTU
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WY RIER T KETE#M 20023

RELEHEBERNERE.

WEMHRSE P @B RTEHEAN 3~18um, HFHEHRRT4HH
13.12um, ¥EEFHIEHEEHHIRTA 13.32um. BT P; SHFEMHZREWN AT
N, NN EEERD, IS BERREELXREBERE. LR, &
ECAP MTHIH#, SAAUERERSHELE P A, P AKZ, PREXER
KAEBBAUCINE

B 3-7 B7R012 ECAP HtIE N TR A BB R4 HI & 38 7 de AR ~F 2R L
HER. MEPTTLLEE: LI P &R RTHEERN 1.1~54um, FHHR
~SFoh 23um; FE P A EPLRSHEEA 1.1~5.8um, FIERRTH 2.7um;
B3 P SR RSTEEAN 1.1~71um, FHRBERTH 3.1um. FE—HEK
ECAP MIEmk/E, FEHAMRMRTES 23~3.1um. X—4R1KH,
ECAP Xt ZK60 A 2B R AW B M SRER

G |
Pl T e 2
o ¥ lEp
R wl“‘w-_g

.......................

$.0. 111753

W | sf.;¢ X
- %,,,f;-w:

P3 -
N gﬁri{%". {

) i En 112838
Sﬁl ' = i %4%"
.40 "" 8015107 ‘
oo, o —— gt — bt A @_!

B 3-7 BRI AR BAL LR
Fig.3-7 Grain size simulation results at final stage of deformation
B R HTE 3-6 F1E 3-7 AI%1, ECAP SEIRET, MLE P 3
P, BIRH P MR AUEREH . EREYILE Py &= LRIZIZR,
FHHSHKPREHERD L. BEENEIRNE—SEN, P8 P BE G
BEFHME, &HBUMIL. BE P LRBESNEIEBRENTS, &
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PR RELL K Py FIREE P, /D BRI RE AT 4.2 BSMER
B4R 4-100¥4 RiF. biEm T ASEERIA ErtE, Tkﬁmmﬁ
MHwnEumm%d&¢wh%wﬁﬁﬂﬁﬁﬁﬁxo

WS HEER, ETUMBRAEESNTELRE, wE 3-8 f1E 3-9
No

Yo ey

Wn 159577 E
Max : 216188

10.800 g ng 599321 =

5400 $.0." 6.60749 E

Bl 3-8 VAL ML R
Fig. 3-8 Dynamic recrystallization at initial stage of deformation

&l 3-8 T 3-9 7R ECAP RIEVIAN R P K L4 LRI KBS
mfEitl. NEFITLUEN: P BASEAHARE, RERMZIMTYBHR
%, UG BERELTHOBRARST. T P A P; MU BSIEES &
TEHATE, FERXRFBEXEEEERTRPBRRS M, HAERAESR
Kok, FRETRFLEERR, MHSSSNEKKIIRTFEHEA
B st ERXE, FURERSHG&MEATLRH T ATHE. SAED . &R
KRXEBUAUPEITFRIGEE, FUUNER LE B S & AR ESEVI &R
RIs T r 4. XTEEIE 3-8 MK 3-9 ATLAE W, P, P; bMIE 4 &/ DRERIKE
THEMNKKIAS, X—HAZSFHT HEGHOFYERRT(Avg)BRAD, 3
B @R AIprHERZEES. DYWRE/, HHRSOHETIX—REBERE. X
R THEH/DERER DB EEESEXEKK. FEEBHES
REAEZFH BA S 5 R HEBSERAENE &) HNREE, RAR
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RESLMESL, NEREXSEES, HILEHRLTHERSHBRA
1k,

HICAT AL, R BRTCE I REAS BAHRIAE 2B B TE L A2 P & 1) B AR e
TURE, HBIATERE SHONALNHUHLE, HHEBRRHRAL RN
M.

B 3-9 TR HIFH L MBS R

Fig. 3-9 Dynamic recrystallization at middle stage of deformation
3.4 KBNS

ZHE BT84 Deform-3D B3 T #4&4 ECAP KA R THERL,
FHBATTEMGE. BIXMERZNER. BES. NAGMHMALNZNA
HHEEM S, BHWT4R:

1. MRERS)E - Bl 4G R BoR, BT ECAP WY, MEHizhiE
E2HRETNL, HEFHERER —B/MEXRELA. BAMITIEPH
HREYIZR, FMEEEES, FRRBIBMM LRSS HHREHFES
W, BEEASHAFEX M. HAT R, FESSBRIERKE4E BEEX
R, FHRIET ECAP MLIRBALHINE &;

2. BE-R &S RER, MEREEMTIGE 3s EATF B EFH, Py
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WEEEFABRARE, PIRZ, P A EABRAHBEKEMA. RPHBESES
AR T3 2 o A Th A AR R P A IR BE RN Ok ﬁﬂi@{uﬁufﬂbu*ﬁlﬂ%ﬁ ]
BRI REP MR SERRIRE T #hitid;

3. ERNNEMERE R, KABALERNIBEKR. BFEEER,
EAOE R ERNY B RSN, AREET ECAP SREFRAN AT &m~4E
RIANFIE W, BEREET 5 R4 A AR = R BT Gtk

4. AZEUERER, &id—EIR ECAP, @A R-THEFHEML. N
13.5um WP E 23~3.1um. ERRTHAAES, WK P T PR EH
P; ee FIAWRERE B ERU/D. EERSNRALEISNEABLERELEMFERXSE,
pGiBUN R R T J\aa*iﬂ’]i’:k&%%% TR T BN ABSRIRE, B
AR R L. AL BT RS &4 ECAP MV EEEER
fEM.
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$4E ZK60 $E5 & ECAP LW id
4.1 @B AFTESE
4.1.1 LI E]

ARBFRHANEMEN: Mg-Zn-Zr RESE, M5 H ZK60, XK HTF
FIH) ZK60 B & & L0 A 4-1, RN £192mm. HESRE 4-1,

Bl 4-1 ST [R 52
Fig.4-1 Solid round ingot

R 4-1 ZK60 &5 & ML F (%)
Table 4-1 Chemical composition of ZK60 magnesium alloy
Zn Zr Al Mn Cu Ni Si Fe mR | KR

5.0-6.0 | 0.3-0.9 | =0.05 0.10 =0.05 | =0.005 | =0.05 | =0.05 0.3 Mg

412 BAFETE

H% ECAP ZEHEKRMEREKR, RN ERMEMEE —EMNE
t, PTLAX®E ZK60 BESERMATHAT THAFE. FEMXIUERN
FEBAT R AL, FFHEE 300 CHIRE I A

FICRAMERFETRERWE 4-2 iR, EOFERAFEMEFER
A AR B R LB AT E B LR B N TR e . HIEMFER TR
FATFRINA = RENRET R KECTRENE, AR EZRLEE
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BEAERE. BHit, HTEEATNESSLE, HTFRLBEEE, KK
AR RASEIBRE TR FERREARENZHES, HESFHA
B — A R - ——
=&
B ’\\—/—:P/ w4t
;/ﬁﬁf//ﬁﬁﬁﬁ

B 42 HFEREE
Fig. 4-2 Schematic illustration of extrusion
FEKRAE 20MN BEKEN L#IT. FHMERERA f45mm, A
BHOEE, FMALUISIMESNL, €M IARTAER { 10mm,
K 35mm KIEH ECAP n Tk, W 4-3 fios.

&l 4-3 ECAP I Lif#¥
Fig. 4-3 Workpiece of ECAP processing

MITESHE:

1. MIEE FELZSHIHEREERTH/EEN—N, ELRRELEE
FIHE. BEREMNBHRESHERN, EBMFERENZLSENEMAKER
&, BHLBE4SREES. ZK60 §E&MHFERE—K A 300~400C2 6. HE
TZE&REHTREELIRMIEZS, HEFEEELILFEERS, B
ZK60 & &1k 300CA LB . ATHRBHIAPMIGRAR, XLREF
370°CHEAF R .
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2. FFTERE HUINESHKUSENHEEXRER THEZENEH S5
o ifm., YRR ELELE SR, BTSRRI, SEFEYS
FRERS, FEMEMRINA BERK: YTREEBEAN, BRFE
HHEEABGRR, EHTERIESESET M IEL, FEEFHLES
s R BRAGE R, MRS D AEAREDN, RTREKES, FHikE
SEHFEM TS RP LR AERFERE. FEEENTESSE. T
FIBERR. BE&E. RN RARENEEEYWH. LHFEEET
RS EIRERE, W REHAKE. HOEHE. FAFEEERY
KELFHREALS . ZK60 & & X HEEE 2 IRBURE, BUCKAHLRE
B AT, AR3CRAKRZ Smm/s.

3. MAMMEBEE ZK60 S4MTERECHLESE, LSRR IF, W
FBIAMBEALSFABATHIABY. EFETEMEEHITH®R, Bt
S AN SRR, BHESSIRBHERK, TEAOAS, EEHRAH
g FEER MEF RS A TREMPLEETEER, BEMMNAS. A
IR R E LR R R, Btk A 300°C.

4. EBEFE A TEHILEIME, B ZK60 4&5HER R IERZ
MEE, FATFEERS), FERMEBFHTER. HERRMEEE2R
HHER, TUHEBIRESEEANFEG, LR RAREEBAEFN.

5. ERIBEMIERF ZK60 & EAMASIMEREERERXR
BK. BEEERAKHE ZK60 &MV ERE. ATHESEFIESE
BIREB A SIMYMIERE, FEHSZEREEMEZANLL 75%/h. XXHER
BELHR 95%.

413 ECAP 1LZ

LK BLAHRLE A T AN (X38CiMoV51), HIERE R 48~49HRC. A H
k. MY ETF =899, wE 4-4 Fre, EEBEEERA 10mm.

LR TZSHMTE:

1. AR A OFMERIN A ¥ ECAP MALERHRZRE T FEMEEMT
HRPRAEWYIZR. LRIEH, FRAMEEASA F, HEHAOMIARLSEE
EMER. ATHRI AN ECAP MILEHLEHMEFEAIZ M, Nakshima
FAFH F ALF 90~157.5° 2RI A FER7E EE THT ECAP L%, KUK
EM4TUURE KAE F ENEAFESIRERIIRKHBHER, BREL
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[l 4-4 ECAP #i 5

Fig. 4-4 Die of ECAP
EEE—RIIBHAR: SZHRME & F HEE 90°KH, SB—EREHFEM
BT —MRAKNENZRE, BESBIAERAEREFABEBMREN.
AT Y F=00"K AEHRRRMKCT. ALRBUHEREANA F NAKH
90°

ECAP T4 BHRRHR NS ERMBUBREVIMEK, Iwahashi F
AP B EEEE R AT IR T iR B AR A X @- ) =BT :

£y -%[2cot(%+%)+w csc(%+%)] 4-1)

RE-VD)RAFERFEMRNZTES F Il ¥ H%, F E—EN, NEE

BE v B KmRDh. ik, AREBRTERKINEE, XLBRAN ¥ EHh
0°%

2. TZH% ECAP FUMEA T Z L, FE4AXH 123 FELMT A

A, EEAFRPTZHREMENZFEEAR. —SE2ECLHNAFALIE

BREEFT e BB B AL R T — 48K, Furukawa ZFAPIA L. X4

F=120°BfB& 4k A BREA RO ERL; WY F=90°F ik Bc RFEEHMHIH

BANKIRR. BEACKANVERENA F h 90°, HBUER Be BT ECAP
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mI.

3. BEAR A THARTEEKMNLME, ALRFFANERN A ¥4
A 0%, B2, FEABIHERTEMINREA, X F=90°, V=0°K, BHEK
FEX . M2 F=90°, ¥=20°Bf/A4 0] LL@RItX Fr=45, BigK v HEMRSH
NARE RN, A TEREARDNRE, XBRIEXFFEE, LB XAERDO
BELEM—NEERAFR. SONFAP, SLIFABNYEESTUAERRR
THHTRE, FHBREIZEXFHER.

HEHEHRENEREN, TAFINEREEESF LR E /T, BT
B, T eEYER, P& 2Rl ERMERA I NmIS K, SEMD
KFREFBINA A, TATERGFES), $HEPHFHKFEE, Rt
B EEML, A mEZESH F AR TS T ER2EERGMT
i, MEBEBAIZAER R, HRXFH T RERSZEYIEME LN
HE. BEXMHETRT, YEHNHE—EENYLERBETREZRML, &
BR G B AT ARG IER MR, Bk, ALREFERATFNESE, B54%
KA MEERNF, XLRFATFAERGES), mEEMLEEPHETTF
AR, XHEERE TRETEEN2EIMK, ANmRkEEHS6HE .

4, FFEEXR ECAP WEEKEMLTRERAFEER, bE2—AEET
258, ErLUAEE M ZK60 A4 MBEN AR EREZMES SRR &R 4
WEE. MEFEEXRKEMN, AT HAEHREM, NTRREHE—P
Mk, BRARERRPAAAN LRI, SN TEKEE—KKEJE, MR
REIABHE, HEBREHL M ERETZ, bEE B EB KN
X, KAERKFABREGEMN. X—&R2EHE BT E DA% A BT 1
. BXARIEHZHEREEH. BRAKRE, MEFEFERD GEABIRE
IR AR, IXRATEE B KEFLLIGEEE D, BIRERAEAHE, NE
BB REMEEM, MEEERER, RNNACERLEHE. YT E
EB—EREE, MHENERKANEEERARTE, FNEEAGERNENEE
ERt BERM, BRHFERR RS DRAE L EAREZWP), KX
RAEIMLERRRE Bc i, KA 4 BRIEAFEEIXK.

5. MERBEMREE FHEREESK, FHFEEERKER, WEESHEBA
Mo XRFAEBRMEBEREFENBSRAEUK K, BEFEEEIK
B EEETRE, ZKe9 AEHENBAIRIFA, FHSBFEIRESF
MEHEIBLEMG. REFEEETURSESMMALANNSE, BESH
fEdpiii. Bk, TERAMKEZERFIERLMARGE NS, W
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RAHEEITE, ZK60 &2 HREHNS; HIEEHLSEK, BHTHRED
£, EWHFELE. 48 ZK60 GE&HEUTREHLE, UKERFESHRS
MM DHARH T EMF N FTIREZHE R, A3 ECAP LRFTENFEREHN
200°C, HHEEEHN 2mm/s.

6. 08 HMRTAHNERHALED, ECAP 152 0 BE B AU e W B M A
X B0, EREHEHET RS RMFTEGNMRARKSSTE. BEEU
{0 R RS BB Al B8 43 MO LB P PR, BT R P O3 AL B A FE L B U 5 4%
BEMES K, XHEMENETERSTE/AYS, ERARKHSH. LEER
Ee /e, BRMIRBEEEPELALON, DEBLE KN, THEXEMHE
WAXE, REW#E—2F K. AXFRAERTLSZMAHE, ST MER
W#E 100CAA, EERHEmMEEK ZFALENER, XEEFETEPTE
FEARREREREERE, ZEBEESFENLIREYED B IFHHEEE
.

RIE_LHEIE N T ES50HT ECAP L%, LREREHFEHERNE 4-
5 Bin. ARG REAR ARG, WAFEZERILX, ditn] L Ex 8
SARX LG BEHEE. '

4-5 ECAP R EAR
Fig. 4-5 Shape after ECAP processing

4.2 BRLAL ST
SRIAEEE, MR ECAP RS AT b2 BIA S 4. A4
HISLRAE A TR T BHX LR R R T3 0R A8 AT ST, 0 T REB 5T

. EMIROLEERMAR, LARSGIESHER, FIERERSHEME
HMERTIE. ALRSHASIEBEEL- M- RS 3 M PR.
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1. B HKIR{ERA 400, 600, 800, 1200 H&E&HIMHITAEEN, BX
MEEHT ZK60 48 HBK, BXESERKE, STHIEXENEE, B
e Bk B iE R AR E M R '

2. #bk B ET L2 B AE R I SR T b B 40 B IR AT 3R 18 T2 E R AR,
HERE, CREBRTEENTARNTFREIRENEMHAR, X LEXHARTF
e e = A A MOER . SERIENE S H P2, WMEER
200 =K, ¥E 1400 ¥/4. VIMMOETERS, FIFAREMEASERITFEIM
e, BAWHBRAMNREFA N ER,

3. B SRASHMR G, FARAL. MRS EEARS &R

BUZBAFRREAE M, AT EZZNTAUEAF EMETENKE

e ALK FEEFKMHRMEBRNERAE. SeEEmT
F&JE, KAKEEHEMEHITRNHBERRA.

WA 4-6 B2 ZK60 R 1555 (as-cast) F) B

a) % & ZK60 A £ BHMAZ(100 %) b) FHE ZK60 4 & BMAZ (200 1)
Bl 4-6 %4 ZK60 HE S BMAR
Fig. 4-6 Optical microstructure of the magnesium alloy ZK60 as-cast

ZK60 JR 5P EE (as-cast) ) 2SR B PR A 150um FEKEBIA
BB HBEALBRAYY, HRDAEKEHBANB R, &N A
ERZHE _MPBR. XERARRINIS, FRE~YE &R RLR
Wik 4, FEVERRFRT. EREBRKELT, XEEEERR, B
FERENFRAR, FRAFHEHHES, WA 4-60)+F A. B iz, A B
MK FER, BELFER.

ZK60 % E&SHRHBEHALR K PMBIINEHRBASNKRAR, XFEE
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R HAREE SAHEREER)AIE @ NEE)IEFAREN. ZK60 B4 B
FEFELFRRP, Zr HE a-Mg FIS S0, AWALSER, FHTEHMA0
ek, FBE&BEANTREY, BTHFERE, FUGZRKENEEBUEK
WA HE S BB TR TRRXMRERE, WK/ THREHL. BF ZK6o
BEE1E n BERE, HESNEBRRIEFEIRE, iU Zn KEEEERR
PR, R R mATRIR S EE ™ E.

Wl 4-7 ik ZK60 S #ELEMFEZREHBMAL, MEFETLL
EFi, ZK60 HEASLEMFILG, MR EFERR, FRETHERN
HEBYER, BEHABLEENARSY, SN BRHENEL, EBT
13.5um(Z AVEIRER 1/10). NBRPETUEH, §&FHEE MO
He EdERMFERE, REABHERENBEFSEWEHBITHEMRES,
R T ECAP REMFE, MNMERTEHAEE ECAP M LIBEPHETRLF
BIZUTORIR .

Y Fe g =X ,’ : %
PR B R R
4-7 ZK60 HHF RS BHEH
Fig. 4-7 Optical microstructure of the magnesium alloy ZK60 hot-extruding

WK 4-8 B A ZK60 BR& & 21d—IK ECAP G ZHMALR, P, P,
Py HARRFEMHRLE. PEMER. —IK ECAP LRTHE, 7L
Pi. 8 P, MER P BB EMEOL BT . NAEEMS T &HERE
FaTLLES: HFEH P ARKRST &/, FHSRRST4K 1.9um, T HS
WRNRAYS . ZRBTE—IXECAP f&, AL ENBEAEELRR
ar, BREFPHARBHECLEIHREUZRSEMEIEHERTERTH
;P SRR/ RISMRZ, SRRTAN 20um; T P &R R
AZEBKR, FHRBRRTAAN 2.6um, BERHKDRHILEEL P, P, &
£, USSR AREREHERXSRNADEREIMRE, X—H0
ZERAT A P BARAIBRS, HEKMILREELL P, P AR,

. e
U,
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Fig. 4-8 Microstructure of the sample after ECAP processing within one passes
XEHTERE —EIXK ECAP REERET, L& P, HAHABERA, ™
AT RIZIBIIE AR, HWRIZIZRESBUZXEM S RN EL, HE
WAL M FERKIIN 137, RIBMAEMELEWER, XSMESHEAE
RN ERHS, BREAEH. MERKEREFIE—PEUERDNERTR
KFEERF, FIETHEELEH, NMERKKNEEAL. XZ—EXHHHEER
MBS ECAP SR AUK EENS. THEMHR P M Py MAHRENE
fEE, HETHLNER, FXAANBANE SRS — N RKKR R N
71, FRBtRIREBSIRMNASESBK, IUSSHESEEELR P &), &
HAEERMAEESMT HEEARMN RN, X—HERFRHBERT
ECAP E 2N AXNME=ERAFIER, A SRR B4 A R=4E
BORRI T REtE . BPEHE—IR ECAP Jo i dibL 40 4072 FE AN 35753 B i) BB o] LLg it )
R % X i) ECAP N L8 2% k.

ZK60 & EEL S NEKX ECAP ML/, SHR~T#H—SHAD, ATHE
PRI & & &ML RAKNANMORT, RAEEFRRNBEKREHE SEM B
BAT . W 4-9 FrR A TUIK ECAP JS LM Py. P2 A P; 4bHY) SEM B4
.
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Fig. 4-9 SEM image of the sample after 4-passes ECAP processing

MEFATELE HZ MUK ECAP J5, &HBALFI RT3 — P mEE
15um A4, HARPMURBLENS, FHAFMBFE. N P PP,
R G K ARG IR AR, T RN ZIIUEKXR ECAP BHER
B, BrEHEHINSERALTES, NAEIREFEHNAKEEET—
B, MERT—IK ECAP J5HI A AR EA LI SIHT A&

M SEM BB A UEE, ERNABRNATEFREIFTES “A
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R7, HPRBARKEN “BR7 Z98JLEHK, BRE/MINALTAK. A
WX LR AR, 2HX “BR7 4AME ‘AR BEELMEEES .
MEEESTATUEN: “BR” ATERTNSHERS, FH Zr TENEE
WERAE. FXEAS2MTERTHAE M. BREKNE M E
BT L, BRB/DRE N FERNAIOM, XLE _HUTE
EERIRES M. MR EE, &FLHBKRE MR FLA 200nm~500nm;
SRR ER B DRSS MR T D, 498 20nm A . BOKSE AR FEK
O, R TAHES, TRIRESENTRBEEMAEES. (8
A5 WA EAE RAE 1S TE OB B Y2 5 B 45 57 1T AT IR A B R T i 7R
FERRAHERE, HAE MM, SREAMETENEEES, T REM
SHBARRIZR AR FEATRE EHK R SRR T8 ZHRETHRINEEHN
HRRZWBEXA, SRR RRE/NE AR T BRI, SIHIAE
B R R EF S, LA/ FRFES BN BN mZE, M
T 400 56 K 58 B i - B FEE Ao

43 KE /LS

1. #iE ECAP LR AR, #HEAAM F=90°. HENA v=0°. TZKE
Be. HFEIEIK 4 IR, FFERE 200°C. HrE#E 2mm/s LA R IEE 7 6.
FEARIE . T 25 31T ECAP L1

2. Xt ZK60 %4 HMBFIEHEM . —IEIK ECAP FrEHM L# P,. T3
P, MEE P; A AT HEEWMI . B3] ECAP LR ATEHIEMHHFH R
RF435H1A 13.32um 1 2.2um. 3K Py 4b. F38 P b FIEES P & FIRALR
PR 1.9um. 2.1um F1 2.6um. BB K/NFIEYE P &LE Py P ARE,
ERHHEKSRANADRRIRES T, KA P EBLERITERS, BHAL
R Py PRI

3. Xt ZK60 VYiE ik ECAP btk Py 385 P, ME P; 40 5I3H1T T SEM
B TTRBSE ST, B ECAP R HEEEE M4
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it

AILXT ZK60 A& EMBHFE. ECAP LTEH#HITTHIR, MET
EWMLEREMFEHMEMRAL. XAHRITHMY Deform-3D 3f ZK60 &%
ECAP I EE—E XM T fEdT T HEEM. BHEUTEL:

1. MABRITAHT ZK60 S5 4&H —iE K ECAP f2. MIEE-B 6}t
KEM, MEREREMIIVGEE 3s A4 BRREEHRE, HSmIiT
F 5s B, BRIBE/MEFRELF. EMTHITRE 65 B, B THEEE
2mm/s. IEHTHEEM TSR RETHIZR, MEELESINABEE.
H BRI ERB T MANRBERFRIET N, ME2SAEERREESHR
FEXHIA R, UEARMEE EXT BRI A4 E BENMR, RIET ECAP
MIRBRSAINZE.

2. NRE-rfEEE Y, MERBEEMIIFGE 3s £ HBES L,
P, bR EAREEAE, PIRL, P A LAREEANHEHFFAL. HHEE
HESER TR RBIMEREERERNE X. MEREERE O
K, ZIMRERANRFARERSERMEER R K4 T IS

3. ERNABERLERER, JFRNAGAAREE, BEAHARNEZERNY
HBK. BMEEEEmT 5EACISBHERN KD, BEXEKT ECAP I
FREREN S ST ERARE, 8RR T HEFASHREE
WRRI ] fetk. RN EMERMEREMEROEME R EEE L EAEE, X
¥ ECAP FTEHREFREFT ZE/EM.

4. LKL RRBAFEMHE—IEIR ECAP LG, SARTBEITH
B4, WNFIBRERLRTA 13.5um, #/DEISBRSTE 2.3~3.1um EHEA.
Xftt ECAP BEHIIARAR B H USRI G5 R 2 MLE P, 38 P, ZIET P;
mbAEERHER . AABBERER, SRENSEALRIEFERK
HARERX I, @i AeBEsRA/NRR K AKMNERL, BREERTHE
BERERE, MERSNERMAL. SEERNHBTIASES S ECAP BEH
PEFEZENER.

5. BT BHALR MR HES ZK60 84 44 1d ECAP 5 fb AL B WIth
RER 1/100. FE—IEIK ECAP LR FIEHIEHHIFHIER R T 254 13.5um
A 22um. LI P A&k, FE P LAER P; A FHBRRTHHA 1.9um
2.1um M 2.6um. BERK/PNHISM P ALEE P P AbE, R KSR
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H/NERIRE M. £1LIUIK ECAP tIL)E, Py P F1 P; B EHHIF &
KORSF#— RN, 238 1.5um £4H, FEHSRXMEHS, EOHSHRE
= '
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