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Static Strain Aging of Eutectoid Carbon Steel Wire
Yoshiro YAMADA

Synopsis:

The aging process of patented, rapidly cooled, and subsequently slowly cold drawn eutectoid carbon
steels has been investigated by the methods of internal friction, electrical resistivity, and room temper-
ature tensile test.

The results obtained are summarized as follows.

The strain aging occurs in three stages.

The first stage aging occurs below about 150°C. Supersaturated carbon and nitrogen in « iron lock
dislocations. In fine lamellar pearlitic steel, dissolved carbon content in « iron is small after patenting
and drawing, and there is no significant contribution to the first stage by carbon. Large amounts of
nitrogen can, on the contrary, dissolve in lamellar pearlitic ferrite and cause the increase of tensile
strength by aging at this stage.

The second stage appears only in heavily prestrained specimens at temperatures from about 150°C
to 230°C. The dissolution of some portion of lamellar cementite and the dislocation locking or pinning
by carbon supplied therefrom take place. An appreciable increase of tensile strength results. The
activation energy of 28 kcal/ mol was obtained experimentally, This value is believed to be the sum
of the activation energy of carbon diffusion in ferrite and the binding energy of cementite in ferrite,

The third stage corresponds to overaging from the view point of tensile strength.

(Received Feb. 21, 1974)

1. &

AR TR S E IR AT, SAREE XN/ B 5
tibs (BESRM, €7 788 wFoF 4 o5 EED
N5 THEMEMLEE L Il LT OMERE /S~ 54 R &
LieDb, &4 2B X o THEIMLIEL Lizv o
SR, ©7 /8THDH. LI ZTRYNERIE
LAEEE RIITIREIIC OV THE LR s 501

FRIRERE TR O SRR VIS RBAR DI A, HH 200 /¢
WL 300°C BT 5. £ Mgrhic BRpshalk &
Fefbnsi2 v, (PR, HiREodBolkiks &
BUE LIERE - 7 5.

R BEPHEIT DT, B XV RE(C)phH
(N)IZ X 2 BEARSSh, BRSHBRK OIS v 2w
EfiiabhTwd., L ZAR, BRENS—54 %
WoWTH, SLDALZEIDTELLMEINT S
D0 DD, HRPDIBE FR D7 DI EEEhRH Y
EALTEMEZEBOES E LTV HEEBITLAETH

o

D, Fi, BRSEHL b, FBRED X ST FB
(EHEHL, NERERIE, SURMERLY) X BWRITIEE
AEfTIEDbhTWinw. FEOETS yv— T3, 745
IO BEANS), BT 5TIR L T T & =
TR, FRRERThICSIESE VT, MEL ST,
B (&< N)Yo, & UTlhn Lo Brgh~on it
PRAELICLOTHS. RPRERT, By ki)s
RERHAR (L DHIRS L E T & HE RS HBEW ORI H
BOREGT, MRELER, HARK KT S C, N %%
BT AERLES. 24 FFaO)p s
CHOERMNZERTHOBE KD LBbh 5.

2. RBER
YRAM OIS L L% 5% Table 1 i2iR¥. FE-C,

* BMm464£ 108, BM4TEIA, 10 ARLBEA
LT HRE
Bfn494£ 2 8 21 g2+

*»*O(BR)RFREMAR PRPIER

— 42 —

T



e

4=

kX RERROBHNERD

1625

Table 1. Chemical composition of steels examined (wt %).
C Si Mn P S Al N Sol. N |Nas AIN O
FE-C 0-81 0'016 0-005 0-002 0006 | <0-001 | 0-0015 — — | 0-001
FE-G-N 0-76 0-007 0-016 0-002 0-007 0-008 | 0-0110 — — | 0-00t
77B-Al 077 0-24 0-69 0-011 0-020 0-050 | 0-0040 | 0°0037 | 0-0015 —
77B-Vac 0-75 0-22 0-75 0-003 0-008 | <0-010 | 0-0020 | 0-0020 | 0-0005 | 0°0022
77A-N 0-80 0-31 0-53 0-010 0-015 | «<0°010 | 0-0120 — — —

Where A : Mn content 0-3 to 0°6%
B : Mn content 0-6 to 0°9%
N : nitrogen enriched
77 : C content 0-74 to 0°81% (in commercial grade steels)
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Fig. 4. Tensile strengths vs. aging temperature
relations of patented (600°C, water cool)
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FE-C specimen. aging time; 5 min, dia.
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Fig. 5. Tensile strength vs. aging temperature curves
of patented (600°C,water cool) and cold
drawn FE-C specimens. Reduction by cold
draw; 499 (1'4¢—1'0¢), aging time; 5 min.
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min aging.
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Fig. 12, Internal friction curves of specimen FE-C-
N patented, subsequently cold drawn from
l1'4mm to 1'0mm dia, and then aged at
120°C to 440°C for 5 min. Patenting tem-
perature; 600°C
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Fig. 13. Internal friction curves of specimen 77A-N
patented, subsequently cold drawn from 1-4
mm to 1'Omm dia., and then aged at 120
to 440°C for 5 or 10 min.
Patenting temperature; 600°C
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specimen FE-C water cooled from 650°C.
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Fig. 15. Tensile strength changes due to 5 min aging
of spheroidal carbide structure specimen
FE-C heat treated at 650°C and subsequent-
ly cold drawn 49% (1"4mm to 1'Omm
dia).

fe. Thiz 13+89%, 49:09% s X U8 74°3% iM%k
L.

Fig. 1513, 49% {R#aURloreaiRmgE & Bk %R
SIRAASRAS R 2 3. Fig. 16 12ix, 13-8%, 49°0% %
XU 74°3% ZhEh b SR oGRS g
W2 TR, 5245 —,¢— 35 4 MUEBEITREHT R
b 2007 L 240°C T € — 2 45 kIR
13-8% mrxhzstificiziz s A EbRig v, 7o,
49% InEREl 74°3% hnatEhicid 260 v L 280°C
T E— 7% Fo/n& i iRIREB oIl Bbh T w5
A% 200 7pv L 240°C imid i b Tw oy, 2B
KO T RS T5 120°C 23 REED —20 ¢

O 7Imm* (TA3%RA)

®
T

e—| Omm*

(49°0%R.A)
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[

.f/l'3mm’ (138%RA)

o
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Electrical resistivity (x 0 cm)
@
T

1 1 l 1
As-drawn 100 200 300
Aging temperature (°C)

Fig. 16. 5min isochronal aging curves of spheroidal
carbide structure specimens FE-C cold drawn
to various amounts from 1389 to 74°39,
red. of area.
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Fig. 17. Internal friction curves of 499 cold drawn
spheroidal carbide structure specimen FE-C
aged at 120°C, 220°C and 280°C for 5 min.
Heat treatment temp; 650°C (14 mm dia.)
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— MY, Fi HPFEO RO~ 2 THD 280°C
7, HA3—D00BEOL— b LBbhD (—HKH
1w, ERIRCBR RN T OS5 BRIBE E— 2135 2
5 —HEHMoOTh L D TERRMC D 23 mbh
Twd). AU 49% 5, BEhEncslpoNHRE
peillERE RSy Fig. 17 WR$. L% EORETH,
525 — RS TEHB IV SNy 257D 2 RIS
VWit Ad—2— 2 rEbhdAREEOILE LD
Pk E . 120°C DL LEORETHITE L, A3x—2F

=

e. as cold drawn
f. aged at 240°C for 5min
g. aged at 360°C for 5min
h. aged at 440°C for 5min

— ZEPONER - 213D, 7 X7 — /73—
54 MABROBE L bAOT, 220°C, 280°C TREHL
Th, Ny 77790 FERIEHKE L, »DREKRF
HERERE LTTRT.

ks, NF LT 4 LT DFEDA— AT F A MLEED
Ft+4C, RBERRRICOPRHRFL, 7 071 7
HBOMBOSIRIRBECPORE LA F ¥ 7 — /18— F 4 b
B L, msorEhic X538 biE, $9 200°C EfEL
¥ 300°C FfED 2 SDEERTRID XS5k d. &

% 22,500 (6/7)

Photo. 1 Transmission electron micron micrographs of patented (600°C), cold drawn
(22:92; R. A) and aged specimens FE-C-N and FE-C-N.

left : FE-C, right : FE-C-N
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1632 % L WM 60 £ (1974) mioe

BENEZ 25— /8= 54 FEBBELAEHTHY, HiE
BIERRIERILID L BET R CH B L E 2 5.
3-4 BSPHLaBEL
HRERMIOBIT, AT~ %4244 NEFT X T —T
=714 b BHLEBEECHAMCBYTE S5ET 20
W, kA 24 MEDEENE, SFUF 4 L TDE
EORBTREHEAFTH 525, HEENTIC X 3 BREER
DR E & DITRETHER LTS L S I i 5929,
LU, HRMERILE, SEEETHEMTIC X 2CF
EAEBHERET, O a0 EBH LR TS o b
MREBEHEE X VR TEL (FH).
Photo. 1 a~h X 22'9% spT xhi- FE-C, FE-C-

N AR OO & 25 IO RSO FBBBFHMEGTD -

5. HBHIEE 9 8mm TH/7 o7 4 oL, ML
8:6mm ¥ CEEMHE L. ZhE 0°l mm Eoiici
5 & 5Y) 0 B LT HABEIE & RO 2 7 L
2. N DS b b, 360°C LITF O MR g
i, REEDIC X BRI L (RAbin, ZBILH i 2R 1)
VIR E A LRENT &7 05, 440°C ofgshic X >T, (A
8, BRGB—EETLTWS Z &b h 5. ek
LRBMEBOREL B L & dic, [EE, BESIILD
KR SBET D 2 E 2 b 5.

4. Z 8

41 SEMTHEOABERIZDNT

R B (RN T 5 &, S 18D T (110D,
BRI PRI, EBBOBERA afhhic 4k =
N5, JiFEIRF~ /- 0B EIPLBARTEORIE
BEYRETHILACERTREEATFTHY, $BEITEA
IRE L BAR LN EREEIR O R & 1 5.

HIROE X ORETHEINZ 2% — 42— 2 LA
ARD €~ 212 2vwTid, (1) RFZ—4¢©—» B
&, LOE—ZORENMTTE-FHTEL, (2) B
IRLET (BRI E )T 25— 7 E— 2B FE W BEmT
BHZDOC— IRRBAE VL, (3) ZO¥—20
NI X B RSO RS 2 &, &4, R
EREED LR*H cb3 &, XU, (4) Mn
05% EFTHEWTEDT, NAZ—oC— sl
BIARIC 75 5035, (BB O RBREMLER D 2 &,
BREPLRPEVEE C,NILXBER %~ ©— 2 & fHf
Ehs.

LA L, REEEEEFIZERE C 50k N ok
BEZY, &BRIZ b7 7 3h3 23BEEL Bbh
5. Thbb, Fig. 12 wR L hgo £% o FE-C-
N ORBMERRESE, HFtr 32:2°C cdHyTs: K

3
- 27°3°C
™ -
21 48°C .
°
_X
o
|
O 1 1 1 L 1 1 L 1 ]
0!23456789I04
Strain amplitude XI0

Fig. 18. Strain amplitude dependency of internal
friction at 27:3°C and 48°C.

-—=- - Specimen; 49% cold drawn spheroidal
carbide structure specimen FE-C of dia.
1'Omm.

WERIIMZMAIER X D SR B2 RETFLTLESTW

HH, AX—0 -7 OWAEFRICES IERBEED

DI, Ny FI3T9FOETHRREZORE HEEXH

5. 2L, G, N OEHGERERBED FRe X >t

HRERNCHER TS0, COXSRBASRERTYAHE

KHETT 55, NX3A—-0 - BETHS 20°C35<

TRENIEERSILEENELL, Leho2TR2~o ¢

—UVBBRbNSIDEHKZLND.

Fig. 18 1% 49% {dff L7cRRICE 26+ 2HE
£ 1'0mm @ FE-C g% BV BIE L NEREER & iR
VI XL BRIBEOBMR TS 5. BEEZ» 2 THHE
RINTLALEE T, NIERIZEL LTEIREERK
FEITHS LEMEND. XA~ C— s 3ITRIBICK
FLREWEEIOLNDDT, No s 25 R L
TERIRIBFEKFCHDLE 25, figRFicovTH
B, EHRERAA—~ -2 LIEMNIRB X5y 4535
U FESOBR R XUEERIEKREE I DWW TEER
XL REZB w5,

120°C BEshA R O NEREERIZ X o 2 55 v o Foae
HHY, BER Q™ LiRE T(°K) offficid, Q-1=4,
exp (—E/RT) (R, E, 5 XU 4o BEH) &\ 5 BHEN
NEZrrbLTRILLTWS. FROBEKEEIT®S
IE fEgkic DT J. C. SwarTz3D 2 W, DICKENSHEID
DLTEDTRDENT WD, 2Dy I 550 Fi
— RN ERAIRBIY S LARSERLEZ 2 0h T 5
B, T OREERFE, BIREEEEL X2 %—mic S8
THEDREELBERTHE L ELS.

4-2 FIREOY

ZORETIE, HERED, ABEER:—2v—2»
LNy 770 FOBRD, XT3 3RBE EanEs
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AR EDHOBNWERS 1633

xn5. chbld, —EE C, N IT X5 BREIORR
Thn. Lk, MAC+NEOSWHECERRLY
PAZHR T B. T 4 7 —HBOBEICE, REENC X 558
EERIE7Y) -NBLRWEFEALRILT, 7Y~
NMRZWEBRETED.

)85 L5 4 T 49% L L7 FE-C-N &gz A
1 BRI SRR IR iR A ke, Fig. 19 1T
FOREBELRT. C OB X 0 HIERE(L 4p=—-0°06p
Qem DECATHIRAN y MECLY ZORIPFDTE
ML 2V ¥ —% kD & 19800 cal/ mol G5 N,
ZOfEE G N O agkhOEE T A V¥ — L LTEY
HIiETHD. Eiz, 100°C g% FE-C-N © ZAE
PAERERIC XS, o Sk ARk LTI FERR T 3 7
ot

DX SBEENPD, COFBEETagkdho G, N
DIFRIA~DBEFZ L2 TR I EZEALNS.

t=e=to

(#Qcm

Electrical ;easﬁvi_fy iihonge

p sl e a o aald At tataesl L b3t
10 100 1 000 10 000
Aging time (sec)

Fig. 19. Electrical resistivity change due to isother—
mal aging at 70°, 85°, and 100°C of FE-C
-N specimen patented at 600°C, water cooled
and cold drawn to 4979 reduction of area.

in (1-n)

o0l 1 1 L 1 1
10 50 100 500 1000 5000

Time (sec) .
Fig. 20. An analysis of the first stage aging reaction
shown in Fig. 19 based on the reaction
kinetics n=1—exp(—kt™).
where n: unreacted fraction
k: const, t: time

RIehs n=1—exp (—ktm), (FoiZL, n; HELLT
KRR, t; B, & m; B LV ATRDIND
L LT, lnln(l—n) -t 2, Int 2BENCEES S
& Fig. 20 0X 5%, EHBOEEN m 2 RTHER
FEOFHAIC m I HERIA T, RISOERITT 2h T RE
NI RBZENbrD. BROEDLYDICHTGELR
ABBEFOEOIANERIC DS HARPER DERFZNE 7
MK B ETHUE, m=2/3 K DR TTH D,
FEAY CRCEREDL T, BMIMEYTH"5L, K
AR EMTHD C &b D, Winson and Rus-
SELL2) Itk OB ERZ TRV, 3 v b LIVEHSK
OFRRIIIERIS OB AT bic b T4, BREZHEXS
EIEN-BHRRC B EORLEE LRV EBRLTVWS.
TRHEH 28 3R X OB A X IERIHE L O fimiT ik
XD ETHHELDEIMERROBFECOIHTIIES
L 3hiF, FE-C-N 2 77A-N 0% | RBEORENT i
MMM O LTV AR REEYH 5.

7 9 — N a9 7s v FE-C 2 77B-Al g0 T It
EHL R PN EREEIE O 2L 2 B S5 BRIGE DEMITIE &
AEBTOT W, 25 L7 4 ¥, KEBOREHT
i, PEDO C,NBEBLTVWRFTHEN, TOE
DB L, IEREESEKEROBE DO X 5 TR
CEWESREMEXY7D0 C, N 28/ EL, &
FEEE SR XMW ERRTES. £, B|MIO
OB DG VO RER S 5 BILOKES, [FiR
I X o TEENERIC ER S Ic NERIG T DR E DR
T D, ChbOHEBIIARERTIEIFE L, o7,
4-3 & O BEORY

L DEMEOEEIE, NEOS/NNTrrbbT, R
LBHBEEMXD LEASHEINGZETHD. WMLE
N7-EREWMORIEH, 200~300°C i k1 5 BEKIEH
DREREIT DV, T T ANDREWY 51T XD THi
EXRTWS. HEHE—F, F15 bx—2—2ANT
EE-OOBRGRYEIEL, BEhicXd THEELD 5

Ll e L. A TRIIERE O 72D OFEST

FERE VRS, o RRRIRIC T D, RERIHTR
THESLITEEL S 2BETHD. LIk 2T, K
Lhrh O~FEEZ L B EiIc iz L A TRE L s
£x5.

w1 ERREOEE, HIERRO D SEA~DESR L
LT &6 2hif, —fxdvic, 140°C Ttk Smin £,
240°C ¢lx 0-1~0'5sec MRETH 5.

Z DEREO HWEFEIMED C 2 &t Mg 2w
THRHIEEAERZ B\, Fig. 21 X 800°C 2 5Kkw L
FSiskEs X O RE 36% (RiEER LR 2 WTEE
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1634 % & W %60 £ (1974) mios

I'0 |- Cold drawn (36% R.A)
I 800%C lhr W.Q.

Fe-0006 %C-00022%N

09 -

" As-water quenched

o8 - 1 I 1 1 L

As-q, 100 200 300 - 400 500
as-drawn

Electrical resistivity (4 0.cm)

Aging temperature (°C)

Fig. 21. Effect of cold drawing on the 5 min isoch-
ronal aging curve of 800°C solution treated
and water cooled Fe-0-0069,C-0-00494Si-
less than 0°0029,Mn-0-00229;N specimen.

REFEIRE RN LR URRIR 2 IZE LR TH 5. Cr ot
SROBEARFHE SWOMEHIT L OTHIEShTEH D,
e RILWODITH & & x 4 4 k Fe,C oIz #h£h
RIS UT IR R S 0oh s £ E &b T
W5, FE—EE O BTN T X o X hEiE
B BT L, BB D LR ORIAH X b E5iE RN
T, WEOMIC B OIE & A 2L Uik Wi 1K
KT D XSS, EMTHBRE O 5 — R A
BeRIEMEIDEL LSy FLABBRKERECEE LT
ED2TWwBHEELXLN, CORBERMS e BtI v k
DEBIRETHKETHEOILEY RLT vwHE #EXH
5. COEHMIT Mn % 0:3% BES T a iz DWW Ly o]
EDXE & DH ERDMEMEED NI, 7, WiLsoNn
M3 0°479%C DX X & 4 THIRE S BEANET 0%
ML X 2>2THBAI TS 2 L 2R LA

7 Y = NORENIDR 0~ 5 4 Mighn TR OB
OB 1 BRHETIZ, 1 RO B R 1c &S L= C

+N(FELLTO)E, ERofito CrétefligkiamT
MOLEGRRE» SR LT, HIERZhiIgE A Y
WELLWEEXLND. £5T5 L, £1BEOHE
PUEINERZ DE % Z DR TG T 5 RS e Kb+
EELZTIWEAS,

BB OB TS T, NERFEEPBEET — & 200
HEFhiE, CRNIZXHEBEMEREHE ViR kL,
L>d a@krhd C, N igIFEMNREICER LT LES
TWBEHEETED. B EEORLEAL & PRSI
TREZTIRIE, LEddoT, afkbios zsm5,
Thabb, 725—€x 484 pbCRERLETR
WLl EWSHRBR VLD, FAT—— A 24
FOGART XD a kR DRI X C i, B
[eRL, E3—HMRtmens & 5 5.
SPEICH®NZ X 5 &, CogkitBA LTEMNE T L
VEBERERED &, WKRBFIRETIE dp=7Tuf2cm/
wt% of C DILiKHAN (C A7 IRAE L HRT) A
5. ”

Fig. 22 13 FE-C o 82% {d#att (IRsfdfg) o ou
THFRRFNC X 5 R by FHE LA BRT H5.
100°C ¢ 5600sec & 54 UHFENL HikHix 52410
TERADLHDMELRITR DOk, ZOHBE S a2
By MER X DHPTOEHIE A0 —2Rkd5 L8
28000 cal/ mo! %% skE Dz, 49% {hsastihic & RS
28 000 cal/ mol DEiHE Htvrz. HIKIEBEHID & < A1
i, PRELDENRKEVD, FIEOBAEE, ST
BIGR—E DR ERET BT+ 5% (Fig. 23). L %
DEIGHRI 7% 2°2~24 TH Y, FROEMH(L= 31
F 3 ZOMESTRkDdI. RENE 70% Ll FEFRT5
L RIGKED LOE»LTFNTL S, zhid, SRR
MOFRL CRERFOER & ORBR GO Y Tk 3

Q Q
o O
o 0

P=po (4L cm)
o o
S &

Q
Q

de
8
o

Electrical resistivity change

Ko X

010 [0

to? 10* 1o

Aging time (sec)

Fig. 22. Electrical resistivity change due to isothermal aging at 140°, 170°, 200° and 230°C

of specimen FE-C cold drawn 829 (1

aged at 100°C for 5 600 sec.

*4mm to 0-6mm dia) and subsequently pre—
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R ERNBOBHERD

) Fe,C+D—3Fe+C+D—-3Fe+-C-D -ooeeeee (1)

Aging temperature 200°C 22T, D oagkEfRBEIET 5 CRFOLDE A
FEAAFDOME
C-D: DB HET S CHEF
= o1k roEREFR(1)iksWT, C+D—=C.-D k5 RIGHE
EEABThRVEFE XD L, RLAEIOHZEEETH
HEXv.RieTREtx 24 bDSHLORKIGER 70,
002 — 5o 0‘_1 "o DRED S5 b TERLEFORESR no, D NEZ H70¥
dlogn | RECDISLOREIGESE ncp £T5 & (niFHEBES
e T dTog7 T NIziRE),
Fig. 23. Analysis of the order of reaction correspon- dne.p

ding to 200°C isothermal aging shown in T =ngenp K oo (2)
Fig. 22. n is fraction unreacted. Fe,C 70540 Uiz C %, 5387 &3 & A Y FIRFIC BRfi~
LrEZLND. RHLTLES (BB CRAF~ s E— s rbidl

1 ERPED FISHERE BT o JGRic £ 9 RETE

&) ETHE, S LK FeC BiX D fLE BT

%L Bbhd. L7c CRINEL, %7, DRE® CRF1LexLT
~ 190
E - - _g—‘
: s o B 4B gt
2 a e A el oo -8 -7 a el ~~~ag
= o ,,g’-— o ) —~-7 a a4 § ,_.o——-"‘g/ ?/_
g o 4 ’,’O” ° o
E oo™ €08 5 o 8-~ 0 :
n B - _'—_"——
—/A /0” o 8 o] ° . .
@ - ; 0
.l.—.f_) _/‘;A a Oocg’-___—q./’ . . s
& & m\5//ﬂ 3 o o™ . -
2T o et — ¢ . )
o Q PRt '\200 :
P S el
= 170t s a . .
> | U.T.S

by
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02% VYield stress (kg/mm®)
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_ 8

® . - s . . 02% Yield stress

. » -

. o
150 L ' :

/"flio 10? 10° 10*

As-drawn Aging time (sec)

Fig. 24. Isothermal aging curves of patented and cold drawn commercial high C steel wire,
Drafting schedule 5°60—4°75—403—3°43—2:96—2'50mm dia (each 0-05m/ min)
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D& 1 EMC ST 50T,

ng=ncp=1="p .--....................................(3)
(2)&(3)xh
dng.
— ‘;“D =n2C'DK""“"'“""""""'"""'“(4‘)

(DRXVRGREII 2R TH Y, ERFERLEEOX
{—%75.

7.3, Fig. 24 BEES 6mm 07 o7 4 7, B
U, BERRIEHIBIANERIR 8L SE R 2 S mm ¥ TR EM
L7c& AlTRREESRERIC DT, 120°C 55 210°C T
DIRE CEHEIRRSSHIB X Tis 070 & OEIRS BEREEE
RTH5. BRRICHBPPFREOTN LY 10 kg/ mm?
BN B IR & RO BIGED & RO 72 ZhlF OiEM L
F V¥ —1E, R 28000cal/ mol T Ho7. FHEL
NIEROEERT 27000cal/ mol 2 BTk, FER
BREIL—FT5.

a@kPDC DR = A V¥ — X § 20 000 cal/ mol T
H%. FlakhOiEh s COMEIERA 2 0¥ — 1%
3 12000~16 000 cal/ mol &S TV B0~ ok
DA Z4 FPOBEET X — 1% 9700~13 000 cal
/ mol OFEFEATH S &\ IREDL V- IN6E), 7 ks
I G v F — 1% FeCe==3Fe+ C DR G DiEHA(L =
ANF—-XTHD. EI1EMOBEHOEMELL 2 vy
— & LT 28000 cal/ mol BB LNz L13, afkdhiCo
PR = v ¥ —% 20000~19000 cal/ mol & 3% &,
A h 4 PDEEZ AN —E LT 8000~9000cal/
mol DERHHLND Z LERT. BMIIN/MRnS »
T—r—34 DA HEA MIETHEREGER L
DERP L SEIEINTWS. ZDikd, IEMITIREETH L
TEeAH4 POGEEZIDBERHTLTWELEHEIN
D Wikt x4 MIEMITHELITEACEHERR
GBI SHNDTT X 7 —DEE L W BICRET
HY, ThPBmght{be—2%27 x5 -DFrhk b
R TOE2—RELBIRTES. SRMIiToRE
MmEL B, InTHOREIL C— 28 S BRI
THho Z ik StepHeNsoN 540 T XoC HBEIhTw
5.

7, SRIEWOEIMTHEOIEIC X 5513 E < o
5% < DNEBIZ X DTRBE I TV B1038)48)49),

FeEFEINT IG5 CEIL, 7 & 2¥E Fig. 3 0 49%
{FEM DB ETIE, dp=7"TuQcm/wt%C & L T, &
0:009% (5 » T —% 224 b 12% OFERKILHE
ZIhidEy 0°010%) TH5. L L, ZOREDOHE
DEFL L ECRREOTMCER L2 » FLAE
KD CHRBHENTRET LR H DDT, 0L

S DCRFEIGIBS LATREE D 5 5.

7Y —No#MXicX>T, F1EBOLEAEMNE
DNEL LD BEELTROX > RSN Ex 50
5. bbb BIEREKTRACEWTI7)-No%
WG EICIRELEES L D I ETLTW B RDIE, 4
3B a4 PEBRIOSLLTEVTE, BIE
BETHEPRACHFS LN, HIRETIRERELT
HHEREETSRE2L, BEDOWREENREZLNS.
4-4 5 I ERREODBEY

IR BB, SERBEOBRLIC X K&
TEMAYTIRETHS L—IITE>TD, NIFHEZE
{b& & D RN BRI hiE, X5 b LAasE»
$EE LD FTibb, 400 7L 450°C X v EBT
RO EIESBFRMEC X 2T S VRS
N5 X 5/ % (Photo. 1). 350°C LAF DN CIE, &5
MOBRTFEATRILT, £/, NHBEEON 4
IOV FDBRLTLES Z&m5, Mz Clc x>
T EFENTWB LHFCE 5.
BIERFETET Lt 2 v 24 hOFAED, B 1R
KADTERL EFTLTCT WELEHIT DT REATD
5. feEL, HIEMOBSCI2CTHLM» R X DI, a
PRk DERBLITRIT L 72 C DWRIE B 5 Vi ekmii i ak
HEDREILZLIHBETHAS.

5. % B

BUREZKRAW LoV TEEME L 23T R 28mis
DORFHERZFTAEL T, ROX SRR % 2o
RO ROZEBIC ST S5 (FREShrER 5
min BEIZoWwT).

(i) 1B

%9 150°C DITORETRZY, agkboEERAR
BF (C, N) OEMNA~OBHLEMREFESEC S, 38
FORRFYERETHS. 0 FERE 2 V¥ —~13 20
kcal/ mol BETH 5. <k, BAEEOREIE C+N
BYBEVE, BREDITRLNEL, LS OoTRENT
XHBHHZLBHETDHS. WMiHT » 5 —HBoBA
i, WRREOBBCII kK, CikX 5RENRaIZIE &
ARGV, L L, RIEHEEEO LA S v
HRERMEBOBE I BB EOEB CRIIHEnS
<, FEREEMEETHS. —F, NEEMS » 5 -4
BOLE, BAES, Mgt dicCrirdX<AERL
5%. LIch2T, 79V —NEBEL LD >N TR
SRIEPFTRFITIL D, Fio, MK XD HIEFRDE S
KT5. ,

R ONSERIERBC, NLX32%—2 6~
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%, SEHREIC X5 LHEESRE Ny 5 5D Y KL
&Bhé.%I&%mﬁTﬁmmz$—ﬁe—ym&&
WL, Ny 25790 Rk HEFT 5.

(i) ZE1ERRE

EIRBORTICEHVT, EwnIHcEbID.
HHEHL & B3R O Hn, NIEEORSPRI 5. 7
25—, Nogbic rdrbbd, 200 vl
250°C AT TR Y, HRRILDHEHOSEICIE IO
JEEEREN T x 7 — MM X v ETESRAlCTRS.
TDBPETIE, €A ZA MBS ELT afkh Ol
RE~CoMEfs I gk I+ TOEEb= &V
# — 3% 28kcal/ mol TH Y, ZDMEIF agkrhD CDHR
i uF—Ler 24 FOFEEZI VX DTS
L LMBIRTES.

(i) 25 W EHE
WIBBCSIERVWCIIEBETRZY, FERMEL
HARFISERA T 5. i Ao E v 350C LT O
TRHEVELLT, WBEED/ s Iy KeC
2A -y IR L EEDT, B CI XD
THmEB/BIN TS EEZLLNEH, IEAICRETLT
W5 CotE, MM MOREL EPREID DD LN
Bixin. 400 7oL 450°C BLECidhn THLELO F &
BHEEPHEZCLS.

7 ) — N2BREw% ey (0001% BE) Hawis, N
Ad— o oML LD CEDbhD X518, L
L, BEEBECINIZEFEALEE L.

BA%IT, AR LKA SR o7 n Ao R
A ch R BRI RS, FHTRBALAICY b e JHREV
Fo it Wi R BUSRFTS R I P EHE R, BRAREK,
PIEREERS I 21T B L T BB 7o 78\ e i BT R 2
BEHIRFT, AABER T4, BERRERK, VIR,
F 7, ERIC B Wi rh REIFFRFTILEE R KIT
ﬁb@%?&éﬁﬂiﬁ%i@b%‘?‘.
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