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The Effect of Strain Rate, Temperature and Grain Size on the Lower
Yield Stress and Flow Stress of Polycrystalline Pure Iron

Synopsis:

Seita SAKUI and Taku SAKAI

The lower yield and flow stresses of polycrystalline pure iron specimens with a wide range of grain sizes
from 10-3 1 to 102 ;2 were measured by tensile test at the temperatures between 77°K and 473°K at the
strain rates from 10-7sec~? to I sec—!. The observed stress was decomposed into a friction part (¢;) and

grain size depending part (k- D-1/2) in the Hall-Petch relation and they were discussed separately. It was
found that the lower yield stress did not satisfy the Hall-Petch relation at each temperature and strain rate
"investigated. The lower yield stress of coarse grained specimens below D~1/2=7 mm~!/2 showed a usual
grain size dependence, but that of fine grained specimens showed a dependence about 3 times as large as
the former. The thermal component of lower yield stress of the specimen with abnormal grain size depend—
ence had larger temperature and strain rate dependences than that of the specimen with normal dependence.

The relation between the activation energy or activation volume for low temperature deformation and
thermal shear stress was not affected by the grain size. Therefore it was concluded that the lower yield
stresses of both fine and coarse grained specimens were controlled by the same thermally activated rate
process (the Peierls-Nabarro mechanism).

The strain rate dependence of the lower yield stress of pure iron was continuous in a very wide range of
strain rate. The relation between the thermal component of lower yield stress (¢;*) and strain rate (g)
was well approximated by the equation, g;¥1/2=¢', log €-+C,  at all the temperatures tested. (r,” and C,’
are constants which depend on temperature).

(Received Oct. 28, 1971)
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calculation.
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Fig. 11. ThelZrelation®between thermal component

of friction stress and strain rates at vari-
ous test temperatures. Solid lines are the
results of coarse grained specimens with
D-1/2< 7mm~12, and broken lines are
the results of fine grained specimens with
D-1Y2> 7 mm~—1/2
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B < Mgk B 5 ZhECOBRERF L TET—FL
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Fig. 12. The changes of strain rate sensitivities

of thermal friction stresses at various
strain rates with test temperature.
(a) is the result of coarse grained speci-
mens with D=1/2< 7mm~-Y2 (b) is the
result of fine grained specimens with
D-1/2> 7 mm-~1/2,
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Fig. 13. The changes of thermal friction stresses
at various strain rates with test temper-
atures. Solid lines are the results of
coarse grained specimens with D-1/2< 7
mm~1/2.  Broken lines are the results of
fine grained specimens with D-1/2> 7
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Fig. 14. The changes of lower yield stresses with
test temperatures at the strain rate &=
10-3sec—!. Parenthesized data points are
extrapolated values from the results of
grain size and strain rate dependences
of lower yield siress. (Fig. 1, 3~7)
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Fig. 15. Grain size dependences of flow stresses
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Fig. 17. Thermal shear friction stress dependences
of the activation volumes at various strain
rates (=101, 10-3 and 10-5 sec—?).
White marks indicate the data for coarse
grained specimens with D-12< 7 mm~1/2
and black marks for fine grained speci-
mens with D-1/2> 7 mm~-1/2,
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Fig. 18. Thermal shear friction stress dependence

of the activation energies of coarse grain-
ed specimens with D-'2<7mm~-Y2(Q)
and fine grained specimens with D-1/2>
7mm-12 (@).

B v — FHRT T EHBERE A, ThUUT oMK
BB T~ FHRRTTHBRIGH L EdiT, wTFhi
E07:< U #ic EELSh 3 @EEiE (Thbb
Peierls-Nabarro %) T X o CTHE I TV 5 L
SND. EoTEME LA & BN A BTERESG ) & o BR
BHAWEOTAEEZ X 2TELLEWS &2 5, B
T HE R &R OT R R HRIC 31 5 Mgk RIEE
B, &<FRUCE-AEaBcIo>TXRIh TS
EEZ BN,

L ZATFg 19T EE £€=10"3sec- L iT KT 5
G 2 v X — OfE & FHERIAE L OBRE, sDoko
B R OWMREBE S — P DOWTHELAELDOTH
3. MoARE D-V2<7mm-YV: QFERER R 2L —
TORERE, EINT L EOMMREBRA 7V — POk
REEZRLTWD. Zhiy D 2=Tmm-Y2 2L L
7ok, B ARERE Z v — DB DOEELT &
NF VT, LR DIRERFERETR LTS T L
bbb, R(2)2F2IEINSOEBOEEILLRD
BODER & OEMFEIND. HIHEBRE 71— F
TVL 6,=9"12x 105~ 107sec-! L7510, HHESRERE &
— PTCIE 8,=2'50x 105~ 10%sec~! X7z DHIHEDE L b
B2FFENELEDOTVES. ZOEBER L, D-1/2=
7mm=Y2: B BE L U ofik &N AR v — Dk
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Fig. 19. Temperature dependences of {the activa—
tion energies at the strain rate of 10-3
sec™! of coarse grained specimens with
D=2 7mm-1? (Q) and fine grained
specimens with D-1/2> 7 mm~'/2 (@).
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Fig. 20. The relation between thermal friction
stress and strain rate in log-log scale at
various test temperatures.

Table 3. Alternative formulations of strain rate dependence of yield stress.

Equation

Author and reference

Semi-log relation

ay=rl-logé+cl ...............

ZENER-HoLLOMAN 19)

--------- (6) RoOSENFIELD-HAHN 20

CAMPBELL-FERGUSON 21

HenNbprICKsON-WooD 22

Log-log relation log gy=ry-logé+Cp oveeeemininnnns (7) STEIN-Low 23
Hauan 29
Modified log-log log gi*=rg-logé+Cy ---oovvmeeennnnns (8) B _ 25
relation N oy=0i*+oip+ky D172 SAKUI-SAKAI-SATO
ai*l/2=7’4.logé+c4’ .................. (13)

New type relation Gy—oi*+0iptky D12

This experiment
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Fig. 21. The relation between the activation
volume and thermal shear friction
stress in log-log scale.
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Fig. 22. The relation between the square root
value of thermal friction stresses and the
logarithm of strain rates at various test
temperatures. These lines are drawn to
make their slopes equal to the calculated
values in equation (II).
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WA Z ERD, MEORIRZERIC B 2BMIRSIGH &
OTHEE L OBRFRER(3) CHELT S Z LR3+HSIEL
Who LR D.

RANCHFBER 7 1T ()R X 55E» S5k,
E# C, 1x Fig. 22 OEBFHER»ORD, Thboi L
Hiz Table 4 ICiR L7z, T BOEEIE &R (13) 5 5,

BIREOLZEOTHEEC KT S 0i* 2RO O T EHT
X505, TOBWIEEIE NIMEkDLE, £ BAFOT
EREEARIG I DB RS oy it L\ (Fig. 9 (a), (b)).
LizasoT zh bnfEic Fig. 10 0 FhoiBEic ks
B & FRER R OIRBWIRRRIGC TR Inx EhbwhiE, B4
DRI D TEERISHD H %2 RKDDHZENTES.
Fig. 1, 3, 4, 5 @RI HEMRTH LAAHMHRIIOX
SwELTRkDFERKRTHS. Fig. 30 393°K itk
FHERBRIZIV O XS LEEFRCEDEV. £
DERIC DWW TH 5.

ZHETHE SN TELERICHOOT S EEREFE

Table 4. Values of 7,/ and C,' in equation(13).

Temperature 77°K | 195°K | 290°K | 293°K
7, 0-206 0-521 0776 1-05
lC’ D-1/2L7 825 570 3-70 2:60
4 D-12>7 855 6°60 4-80 3-30
g|— —¢—— Harding { tension )
—oO—— LESLIE et al.
(_ o-—\ (Compression)
7 17 ) ) 7
————— This experiment 7
I | ( Tension) K7
2 6 Q
o [ + 2
9 7 = 290°K
£e s Z4
g AN
g 9 7K
SRRl
2 3 = b
£33 P, fad
5o A ye/
= 2 o //{/
l /d/
e
Lz
o 1° 1o° 10° 1o*
Strain rote (sec™)
Fig. 23. g*/2—]og-€ relation for the data of pure

iron by J. Harping (13) and W. C. Les-
LiE et al. (26). The strain rate depend-
ence of yield stress by W. C. LESLIE et
al. can be approximated by the empiri-
cal formula gy~1/2—log €.

wRLTHERN (Table 3) LR&LEE>74ED
FER(10) F 7213 (13) 23, EBREHFOE L D fhofE R
2, T HEEN 103~ 10" sec—! DfEEZERATIC 51T
LRERICHBEHETED 2 0BE Fig. 28Rl &E
Eh stz W. C. LesLIE?®ic X A5k EHEEAE (BAh) &
J- HARDING') 1z X S gk D5 IR OER () T
B0, WHREISEOMEEDOFER» /IO THS. 7=
7ZL Fig. 23 THE L LoERER, ThooFEOE
ERfE S r ks T E€=10"%sec™! D & X OIS T B IEE
RGN EHE LT, £O0THEEC R LEWIKS
N ERDIFERTHS. 72Ktk W.C. LesLiE 520
T X BHEROBEBRIENFDHD EOT HEE & OBMRE
—HEMTRLTHED, Thb (oy/2—log &) DORIC
LR ERRBERAKILT 5 Z L 3bh 5. Fig. 23
XD ei*/? L log ¢ L OMOEMEFRIZ, €=10"*sec?
B 3x10%sec™! Tz BIRHIFH L O B SREEFRIK T
TR T H L &b b, TRLDEMBOHEEIIE
BRESZENTIZES LW, Zhix (1) tkiFs 40
EBREEBRMBTITEELVW T ERRLTWS. W. C.
Lestie 5 L EFEH SOERERIIES LD TIL—FHLTW
55, T LD#ExHENE J. HarbiNe DF5E X D H K E
V. ZOMETEOEE, R(12) XV EEOMENC RIS
EE & DEILLIDOTRIDRIDTHS.

LZATHERBRR(9), (10) L@EEHFER(2) L05,
By BRI IG ) OIRERTFE M2 5 NI G b= v
F— OBEE ABFERIRIG NI A EREE &, kR0
XO5RERBEIh%.

o* TP 1 k. &
o _[1 Tc:l" = ——In— .......(14)‘.

Ti* \1/2

A= [1-(55) "] -
ZZT Hy 3 1:¥=0 DLEDEMILTANT—Th
5. ZZTREMR LAWY, Fig. 13 L Fig. 18 wxid
ZEBRERIE, WThiksORsoR(14) 2 (15)2iET
5z kol ThbbilgkoEIEEEEICE L
T, Thdd | DOBWI G LI N 5 @REE R X 0T
TEEINS E{HE L TRDLEEZERF T b b ¥,
T, & H, o* g XoORIiE, TN CREEBERERRSK
SNTB T EAbdo7z. wil F. AL Smipr?? (X gk
IRER BT 5 ERFERE, S, LRROFEBR(14) L4
Rt oBEohsZEteHELTVWS. HOoRAWE
EBRFER, —EFO0THEECRT 5EEERLRBR» S
TEAUG ) OB AEEIRIG ) oe* OIREREFH A HE
THHDTHD, FEELOSEIDER S LTI LI
Biro>TWw5B. F. A, SMIpT V3EE LT re* DFELWE

eeeereneeeeene (15)
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ERGEZHIZE TS LI X D, Eiobhvbhil o @
OTHBRERGE LEEREEEZHIET S LIt kD
T, 2L FUERNEZEB/bIFITHY, Lih>T
H(9)» 5 (15) T TOFEHRRT, gk EKIBEET
o, ITEAETRCEFHTCERLTWDS LHMTE
5. Fifr W. A Serrzie®® ¥, HEx OEEFEEE
THMBHERORIBLRCETLERERL, 20k
57 EEBHRI(9), (14), (1) TEHDTH>ELLLETE
BT ERHBRELTVWS. -
4.3 TRHEKAESHOEREBHERME&EY

Fig. 6, 7 X 045D T EERIS I D-172>
7mm-Y2 OHRIAIE T E L K&k SRR
ALz, Evifaz i, D27 mm~Y2 T BT 548
Ea v, IEHE A TERERRIS T o ERTFE> 5T 48
SNLMEX D IRELTHBRIGHEZR LALZ LTS
P, ZOXSIEAEINOERERIC D WTEBITIRHEE LT
B, ISR, D-Y2>7mm-Y2 OIRIAE TIk
X (la) TREIND Harr-Perce OBHRIIKIL LRV
CEEBRLTWS. Ll T D-Y2>7 mm-1/2
DFERRRAARIC B B {H 2 ORBRE O TFTEBERIE T b,
RPROVERBTFEGO HEHIC LD T IREDEEEN 6
RN BROREIIIDTHRESLIGS ky-D-1V2 Lo
GRRILLTWS b O LRETHIE, ThbOTFEBRKG
NDOEFEMD o7 7213 ky-D-12 OB Bds, iz
XD ADREHEINC I OTR I Db 0 & LTHR
T&%. LzAT Fig. 9 X9 D-12=Tmm-V2 %45}
T3 2 o0 RNEMEEAN T, TR EFNoOTESBRE
NOBEIES oy* (7203 F N FNOFER DOPEIES S0
IR o NI E DR B OTCWH T LR,
F ZCREIERELT 570, oy* BETH D, Tiab
LIEBAIGC IRAEIC BB & F 2 5B Fig. 1 DKESR
GOTEBRIGNCODWTEEEZED S . 70D Fig.
6 @ T=290°K, £§=10-¢sec~! T &} 5 FERFEHRIE T
DR ERFHCOVWTEETS. 2oL EDTEE
RIENZ, o OIEWIES o1p LESRPRBIC X DHHR
ky D12 LB LTW5S.  LizpsoT D-1/2>7
mm 12 QMR AT 31T B TFERFERIS oo BN
W, 7 ky RENHRSOLTNERCT—FETHY oip
A D=2 L L RN Licds, BB WIEF O oiplk
—SET ky > D-V2=T7mm~12 55208800 L Ao,
F72NE oip & ky BEDTEIIL PO \WTNsE
ALTHRIDHIDEEZDZEHBTES. L LEY)
DEZEEIOHEZITIRRTT 2 20HEIC XD THE
WMTRHV. Tihabboip OFSEREC X 2 EZEHEMNES
&, GRS T OFEGREETFEC D 2D o p N0 FE

PRELNBEITTHS. Zhix Fig. 15 0ERBERICE
DIV WITBEAN LB A ORI (72720 071
% OFTHICHBTBIEN) &, D-V2>T7Tmm~V2 OiRfr
ST D ER SR ERGEY 2 R Lz (Fig. 24). A
PIRAE LSRRI B BB REHDE 4oy 13, R
(la) Xb, doy=doi+dky-D-'2 TEbIh5bH. R
FA X D TO WISk B3V T, BEAIUIRAE & HEgh
RIEL T oi DRELLELT B L1XE L SR ¥ (Fig. 24
L BIIHING.), D257 mm V2 T BT 5WED
PRtRIG h oK E L by, KEBaH by OE{Lic X5 D
DTH5H. LLEOE:» 6, DV2>7mm Y2 fE Sk
FEFEIIC 3517 5 T ERMEIKIG T O RFEHEIVE, {E % DRER
FiCkT 5 ky H D127 mm~12 OHEREEIC ST
H5H DX NN LRI 2TRELDIDTH B &
EXTINDS.

EA RV SEIRIC 351 B IR BMNRRRIS 11 O Mb IR M
DHBEEZTVDED, £OTHEEC KT S5 TEHERS
NOFEGR KT, OEBIBRRIENCEOTH
HEC KT DEWIRG TG T ei* BN /i &ieD -2 >
TN FT RS Z i TR T EDBTES. 24 L
Tmm -2 ORI 1T B oi* 1, T_TENLLTF O
HRERKIC BT 5B DX D REL DTV 5S 2 (Fig. 9
(a), (b)), THEBFERIG HORE R EBEAFESELT
5 DOESRESRZE, Fig. 6, Fig. 7 5b»5X 5
1, FEBIRRIRIG o i e ClEB i B8 5 &
2% (bL o BDEBHNBCT—EEL REIE,
LEROEBHANFRIOTHEEC X > TELET —%
ETLBRTTHS.) FRUSNDIEFH»O RBRIEEIC KT
S T ERFEARIG oM B EFEE D, RUL Lido#E £
THET L EMBAFETH B.

TFERRERIG 77 € 723G ) o ff AR R R T e 2 22
TL5EE, BREY SBRENEUNOE» D LEMES
IS R CTRITRIER 57 v, L LEEGRR
IAFIC AL X 5 7-0iclE, RBA I 2 TE £
LHETHIMNTE TR ST 31 D BESHRE » + D55
R A A LS 2L ERS D, Lo TC i
EBREHITILT LBIFEON 5 O TRV, BIREKIC
B2 B LETLEMMENRF & LT, BaRELis
COTEEEER OFRREAMHEoLL, @V TR
SN OFE, @M ERHTFonX 5. QrBELT
RGBS TEEOEMIBE T 5
t2» 5, SEAVCTXTORBA RESICERER LT
WEHZ LMo, QBELTRES ML sEIc B
EEWUERRIE LR, DV 2=Tmm~/2 255 L L
B, HRNHAEBRA T OOMK/E SO AT &
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AEXBUTHDR. QRBELTREBEREIE T
CWHEWEEIR DS D Lz LT 2l Lo LEEA
FIREE & BESTIRAE & TH T AR OFE LT 5 & 13
Ez oy, BEAKER A ORERIG 03B O RS SR K
HFieA R~ L7c Fig. 24 OEBREERD» S CORTFHH 203
o, @A EE & TE, IEBWIBRIRIS ) oin IT X
DEENRBLNLITTH5.

L Z AT R. ARMSTRONG 52X, ky i@ B4 2% HEEMAY
FEP LRABRILT D EER L

kg=m2.7o-71/2 ceeriiii (16)

ZZTmis FMATF, cXEMOBERT, iR
SLEsARE COMEE Kb 7. Hlac LAcA[ESEDH
ERREImPELTHRAEER LN R LTS,
R. M. F1sHeR® [IAIERDEEANAI BT D by OF
1tvd, BEALDEERSTT e OE{LIC X ODCHPTESL L
L7, BOHEIL XD e OELIRESL by O
025 2°2kg/mm?¥? £TTHY, ZORKE 2'2kg
/ mm?¥? IREENF /o TR S /BRI L Db D
T, IBECILTIERE-EEER LTS, LiahDT
SRl DKk D BESIIRFEIC BT B ky HAS, TOEX D H K
ELHIML/A-Z & (Sy=55~6'5 kg/ mm??) }X, [7E
G e BRELICHEMLCEN-DIOTH B L1TE 2D
Fovn RO ICKITLEIOWE r BELTH T &1, 41
BT B 5 Al BRI E B LT 5 AT AEREIC X D T kA
TED. T b T ARG 0125 545 7o fl MR K v
R LR OFEHRAIEE o 3, EFRLEHELD
2P REERLLTCVWB EEFEZONS Z &% 4- 17 1CiR
A7z, ZRIIRIAR D S AR E ToOEEE, /o3 iR
SEOEREZERDLT r ODFLVWEINEZ BT 50 5To
5. AEHRAIAE—IC SR LTV B bk, rec o~ 1/2
Ly, = A6) i hEd fRATHIE Aycpom™ !t LT
He XV pm D2F 70, ky DITIESKED
BINERT Z Ebr b
4.4 BANKRRICK S8

INETDOEENDS, D-12>Tmm~12 ORI FER
B v — FOTERERIG NS, BE iR et
LUCROTHEERTFHEER LA LORLHD 5 B[R
FHo12& LT, WTIhoHEd welsfiBEss D 1/2
=7mm-12 OFENEEERELTRELELLTWS
5LWEDREREBRE LN, £ TTh LOMEKEH A
BEANL, ETEORE LRMZOEANKERF Z
S CEr N OO BRI BE LA (TEICELTE Sk
5iE, FERORKBRCEILHBELN S RN D 5.
Fig. 24 13 2 B TR L= HEK X2 UESMRER % %,
690°C T 30min Ar 2R THREFL, EEKEANL

FestBa > T=290 °K, £=10"3sec! iz &1} BRERIE
71 (2L 01% OFHERTDIEH) OFE MRk
FHEERLTWS., ZhIhEBEARLCEBRAICE LT
VE, HESHEAER A O TR 11T R Hh B R T i
FERFEEZ R ST, TOBRRISIIAV &R ED
SHENT % Lic BRNEERE®EEY R 2 &8 bbb
5. TisbbBEANLZHBA ORI (Ta) T
Fb# 5 HaL-Perce OBMRZHEL, Z0OL SD%E
¥ ky 13 1'5 kg/ mm?®?2 %78 L7-. Fig. 2513 D>
7 mm ~ /2 OFE KRR A D D=14"2p ORE R IT

T T

O Furnace cooled

40 F— o Quenched

LY.S. /D

30— 7 =290°K /
£=10" sec” /8

20 / Y.S.
ey

Yield stress (kgmm™)

L~

ST

A

[¢] 2 4 ° 8 10
Grain size (mm*)

0

Fig. 24. Grain size dependence of yield stress (at
0" 124 strain) for specimens water quench-
ed from 690°C.

Temperature ; 290°K
Strain rate ; 10-3sec—!

o T=290°K, E=10"sec" A : Annealed
— O=142u Q : Quenched
s A
g 40 AG: Aged
g
S Yo —— —
2 §f39$7”é==r\ |
2 20 Q—— A Q+AG —
w /

10

0 |——g

10% Strain (%)

Fig. 25. Typical stress-strain curves of specimens
with grain size of 14-2u (D-1/2>7
mm=1%/2) after various heat treatments.

Temperature ; 290°K
Strain rate ; 10-3sec™!
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DWT, B, BEAN I JUBEARE 150°C T 10hr (F7WBEMD) MARA OBRIGHDER, DED 3 20

RS X & 7o REBIC B 5 £ OR Lz G H-UF 4
OB THS. ZOXix Fig. 24 L[/ CL&4ET
BEAN LcslBr i O RIE A3, i 150°C T 10 hr
BEhESE 5 LT X2C, BB A OTEHERSH &
FBEAEELWHEICETHEMTS 222 RLTWS.

T AN REA % 150°C ¢ 10hr B3) (2 h
BELREEIE XIE S ) 8RBT, s
B LI EAERUARIREEL DO TWH Z LR RLT
Wi, L LEANRERBRE 2572205 3 HDMhS
NIEBRBENTIZLAE—FKLTE D, Bamsego
BWILIDTIHITEAEELL TWinw.

BEANEER i OFR RIS T0SRRh & & Bt L Clesd
BHER T DFNIGES W T W BRI, B EiCEES
N5 HigkPORABIERRT C, NIz X 5EFEFHKD
Kz b i S Wi Al Bt B E O ZE LA E R
LTERbIhADDEEZEZLNS . L L TLEEMNEEer X
BRI EIE om LEERMEE oL LK DIIDTW
HETHIE, pr=pmt+poL EEDLEN, T/ pm & pr
EDE fETHIE, pm=S-p1 or=U—f)pr &
FbEIND. LEROERITHT S XS BMHEIAEOREE
DL LT HREMEE ot X—ETH D, Fhrimk
T35 pm & oL EPBMERINCERT B, SViZIUIE
o PELTHIOLEEZONS. X CHigkE 690°C
»BEEARTE, C, NicEEshl\asisk e
MEFFELETHL, ThE 150°C THhTHIZECC,
Nz X o CaBifafirifElzE s, ToREF LT
<. Wphwiiio C, Nz X5BEEFHAADOAE XS
FEKRE I WERRETIX, R. M. FisHEr® DFE 25 L 5
EHEEKOBAE & HICEFEIGTT rc B¥EML, Thic
FDWT ky BEIN LRRRIG 238803 5. Ishisiic
HE, C N XBEFEFH[LEWS I VETHALD
{b&m (FikH, 2t BB LT ki
DEFEFRELEL D &30 LBECIRMREEE T2 L 5

it h, ZoOPEDOEERLMT D ITCEB)RBIRELINEE
HBW. ZOIRETERFBIGH ¢ REKELD—EH

BRI EELZLNS. 200G, NI X HEEFEHIOTRK
ST BIGNEINE do,=dky,- D2 L F bt
5. LZATIORIBMIIKEWT, [I5r0REK &
DTHEHENHES KBRS LERTERIZE RS
zERBE, TNETOBE (4-1, 43 ) »5 1o
EESER (2) OfRE &, 1B L TEIEG I ORI
Iy ot HEMEE, 123K (16) © 7 238 L TES Ay
DEEIMTIE-S G (ZhE do,=4dkyy - D72 L
KbTd.) 2T3THHd. BEANKERA Letrsh

JG ISy DZE L (dkyy- D=2, dkyy- D=2 doi*) B[R
FLTEZDIDTHS.

DL EDGT BEEANRBR I & BB O Eh
DFERIE TR L iciE B R R o ZE LvyE Ly (Fig.
24) ¥, MEBORBEC KT 5 ABEMNETES, (o510
BFRIC X 2T, &<k DV2>7 mm~Y2 OHIFTRERE
TREL B LD THDHEFE2LONRSE. D127
mm -2 OHENABRAI RS T THENEELRULE
HORBETHLEIZELLTVWBTHS S5, 0Lt
BIXBRIG T 2L B3 IR RE L ol b#
2Bbh5. L7epsoT Fig.24 w33 B ANRERE &
BEstiztBRfr D 2 N T ORI I D20%, D-1/2<7mm
“2 iz g T, :

doyg=dkg D12 ccooiicicinin
D-12>7mm~12 23T,

doy=Akgy- D24 dkyy- D12+ Jgi* .- (18)
tEDLEINLS. R (18) TRIFHAHAIDE2, & 315
73, D=12>T7 mm 12 OfEEREEIC BT B RBRREH
DEEHEMTTEL,.

ZDXSLBRBRERORE WS /LE D-1/2>7 mm~1/2
OFESNEESRIC 2T Bz, i Chd
ZDX 5B Har-Perca OBR%AS, ikt o0
fho E&BARCHbIIL D7D h E VD2 DD
B DWTIE, BEOCLIAHBTETHEY. Itk
SED Mgk L FOREERL ST SHRERM Bk 5
(C=0-002, N=00012, O=0-0006, Si=0-0025 £ & &

oo (17)

%) HEEEAMSKICBE LT, ABETHAOIDLFAL

K& R TIE 2700, T OFERBRERIBISEOFN &F
ERIUTH O 2T MaTs<. FOEMLNE
B L T, IROBESITHE S BT WiE z kinT 5.

5. ¥

FIBRDEIRETZETICET 5 S EOERER» D, &
R FRESE M HIRE L7

1) SEIOTXTORBIBEL OTLEECE VT,
RO T EERRIE T HaLL-Percn OBHERXAME Ui
iz, DT mm—Y2 QPR CIEEBoER It
ERNBEREEEZ R Toic L, Fhll EojmiriEs
VT DR DS ETE OIFE 3 5w Bhn L7-.

2) BE BB EEEEER URBRE O T EERRE
NOBEIKS DIRE % 5O O ZoEERTFEE, T
TOHRBRIBE * O T HEECRSWCIEY KBRETE R
LZHBROTN LI DI REL Lok ZhiZEEs
BRERTIDL VIR v VERD, MiZOR

-4
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B CE LMD LA ERNERE LTELLNS.
3) (RIRZIGICRT BIE LR & A b 2 v ¥ — D
Ehiw AW BRI IS JTRTEMER, BRI BIfR < A
BT o7 L [ UREER R L. L2 TEMER
B o FEERIS g, D-12=7mm-Y2 % L35 i
B, SR RS SR T B R e L, Wb E 0L
U Sy EdELESh 5 #EAaR (bbb Pelerls-
Nabarro i) X oTXEIhTWv3 LHHishs.
4) S & AR & oy, AuvicakbitiiE
St ¢ HaLL-Perca OBARASKSL L7c. FERBNUSTH
DOOFTHREERFHEE, FHENRCXOTELRET —E
fE% 7~ L7

5) BEAIERER F OFRRIS T & FEARE & Officky, A
V7o ek BRI AR T HatL-PeTcH ORBRS AL L7z -
6) D EBRRBESKCOARTEIEbh - LORLH
5 5EFD 1 o, BARFMMETF C, N LifL
ML OMEERCX Y, TEEMEEIELLELLE
WREMET & 5-

7) kO TEERIS N DB BREEIC & 5 LIE, JAH
B 7RSI CHEGMTH D, TN DOBPIRSIETI &
OFHEE & ORI TS RBIBET, a¥/=r/
log &+¢, M HEBRXTHHIELTER. 22T,
¢ REDCBECEKETLIERTHS. TLIOER
;LR AR L, TRTO FEEEHERF 3 0bb
wi*, T, & H, v* 7¢ XORiciy, ffE kB KAl
5 T EDSbhDT.

b b AR I SKIME R FHASOMBETRITSH
WAL L LCRk27b0TH D, HIHEEIR
UM EC X5 AR LEREPNT R WL SIEIR
WUET. AWETHGHEE — A OTZEEFEE AR
HoRRE, RUER, BEREAREEHEROSKES
CIRE L CEMCXSLDT, TZELBILBLEDT
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