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The Deviation from Matthiessen’s Rule during Quench-aging of Si Added Low Carbon Steels

Kohji TAKAZAWA, Akihisa OBATA and Kohsuke TAGASHIRA

Synopsis : The interaction between silicon and carbon atoms is discussed in Fe~Si~C steels which have been quenched from 823-973K to 273K and
then aged at 523K. The changes in electrical resistivity and its deviation from Matthiessen’s rule (DMR) during aging were examined for
0.04 mass% carbon steels containing from 0.01 to 0.56 mass% silicon. The DMR was obtained from the difference between the electrical re-
sistivity measured at 77K and 273K. The electrical resistivity during aging decreases for all steels which have been quenched from the ferrite
phase region. The DMR increases for steels except the 0.01 mass% silicon steel. The more the silicon content, the more the increments in
DMR. These results can be explained from the assumption that the Si—C pairs formed in the as-quenched ferrite matrix would be decom-
posed with the precipitation of carbide during aging, corresponding to Mn—C(N) dipoles in Fe~-Mn—C(N) alloys. The amount of solute carbon
atoms, which was occurred by the decomposition of Si~C pairs and then contributed to the precipitation of carbide, increases with the in-
crease of silicon content. The Si—C pairs may be formed in a short time during quenching by elastic interaction between silicon and carbon
atoms, whereas the Mn—C(N) dipoles were combined at high temperature during solid solution treatment by chemical interaction between

manganese and carbon atoms.

Key words: iron—silicon—carbon; low carbon steel; silicon carbon pair; electrical resistivity; deviation from Matthiessen’s rule; ferrite; quench-aging;

solute interaction.
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Table 1. Chemical compositions of Fe-Si—C alloys (mass%).

Specimen C Si Mn P S Al N

0.01Si | 0038 001 0002 0003 00009 0017 00019
0.28Si | 0037 028 0002 0003 00007 0022 00018
0.56Si | 0038 056 0002 0002 0.0008 0.033 0.0023
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Fig. 1. Change in electrical resistivity at 77K, p;;x, dur-

ing isothermal aging at 523 K after quenching from
973K.
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Fig. 2. Change in deviation from Matthiessen’s rule
(DMR) during isothermal aging at 523K after
quenching from 973K.

PHUEBANCEE L TS CEFSRIEE LRl
570 THhH»5, BREMEORIRIZ, SiIgHENEZL
IEE/NX N,

Fig. 212, {AROFRFELEFEIZH 1T 52 DMROZE(L %
BEANEKRDDMR & D T/RT ., 0.018i A8 D DMR 1385
FE OB L & 12D T35, ZhIZBEBSIEREOZEL
ClERRIC, RIEMOWHIZEEEDEVAS, L L,
0.28Si ¥ K 1M0.56Si kK TIL, DMRIZBFIEER & & & 1218
mL<Tnsg, 72, SiEHEENLWEE DMROMINE 1L
KEW,

—RRIZ, RIEMIOHHIZE>TT2F4 b2 b)Y w2 2
POEBECRENHD TS L, BIECHEFICL2(2UET
DEEA/NE L 55720, BRIEHES LUDMRIZ L &
AT 53, HESIZ, 0.01SIRAM TRESJIENMR L L O
DMR & &SP L T35, LaL, 0.28Sikk080.56SiR
BTk, EXEARIEASTSE00, DMRIZEML T
W3, ZOEIBBEZOEDIE, BEAKLER T Mn—C
» %\ I Mn-N dipole T4 K - 73 ##$ % Fe-Mn-C R 34710
H 5N EFe-Mn-NRASYL PO EDTH S, - T,
AR TR RO BARZEFEIZ VT, Si-C pair
DIGE - HEHVBR T2 LS I12BbNh3B,

UL, Sikcidk, i, A—25574 rB&kU0725
A bz T (V) RAMEAT S L RT3 10,
ZD%, R I 5 DMROBINZ, (1)%2fL L Fe
DA OREER T & D pair, (2) NEF & Fe IS O BEEE T
& Dpair, H5WVE(3) CHT L Sillohod @ #a s [E % E 1
EDpair DFRIZLBEDTIEE VD, LEELILh B,
(IHIZDWTE, R TOBEKILRE 973K TESE#ik
FEIZH D2ELDREIER, TOHBRITILE — % 1.9X%
107 ERMS E862X107mol TH B, —F, BEEE
TELTIRC, SiHLUVAREBFoh5E, 325K033T
BREESIZZNEDDMRNDEEDEIZZFh FHh

Bc=0.1X10"° Qm/mol, Bg=0.4X10"°Qm/mol ¥ & T
Ba=0.6X10"°Qm/mol TH 5 2%, T 5 DH TDMRAD
FEDOEAREREVAUIODWTEL S, Z2C., 224
B L OZEFL-Al pair® DMRANDHF LD I BB % 5 L
TB5E, BTOZEIMBAIRT & pair # K L 7 W hiesshh
COL7ELTE, DMROZE(LEIZ, B, x(973KiZH
T B2EILERE) =3.72X107 2 Qm EMBD T/ X W, 5T,
ZIEBEBEREF O pair DI - TBHE 7L LT B,
DMROZEALIZIZZ L AEFHE LT AEWEVZ S, (2)
Z2o0WTE, KABONEFESXI0 molld, CEEHE
L7X107°mol D 5% EETH 5, Lrd, AREIZIZAIA
KISX10*mol EENTHY, NOKEHIELT LI =Y
LELTHETSZTHA D, #-T, 028Si%k & 100.56Si
ABHZ 351 2 DMROBEM % VAN DR E L L3135

ZEIFEEL W, (3)IZDo0nTiE, EELD—AIZL B Feo
Si-AI-CREEDDMRBPIET — 4 D4 ZET 2 L, 2
BIZEEFN TS AIDTFESERTE SV, ZOHEAE,
SiFRF 2 Al-C pair DTERL A RHEL T B LS ZE L FH
BROLD, LT, DMROZEILIZRIET AL L SiOpE4L £
HLTARSB,

3.2 AlCpairbPHE &3 EREL 70D DMROZEAL

A—ZAT7F4 P BEXU 7254 FHIZEEL TS AL
T L CRERFOBIZIZZINAERTS, LEhTnz o,
AR THOZZRRHIIZ AL230.017~0.033 mass% & T
BO, AIRFICHELEZRAMBICCEFREBAL T,
AL-C pair 2 BT 2 W BEMAE Z 5B, Z2T, (1),
(2)ADMZ AN, 1% CIZEMZ T, 2#L 72 AI-C pair
DENLGEERDTAS, ZIT, HEFEE Al L HE
TREECD p,,  N\DFEDEIZ, a,=57X10"Qm/mol &
2:=4.9%10"°Qm/mol & L ™21 AL-C pair® p,, N D
5O a, 3EKE L2z, £/, DMRANOF 5 O{#IL
Ba=0.6X107° Qm/mol, B.=0.1X10"° Qm/mol, B, .=
0.35X107°Qm/mol & L 72 1219, Ap_ ¥ & U ADMR O fii
2, ITHAZITRTLAZEZEZ 5N 3 105 LIROEO
FrIEAERALZ, Thb Ap,, ¥ & U ADMROD#i %
Table 2 5 & U Table 3 12787,

ITK A 6 AN 7= BFHI DV TR L 72 AI-C pair D
ELGExE o, L DOBIRE Fig. 31278 Y, BEAAIRTF &
CIRT HpairkD< 3 LIRET S &, BFREDEHE
TREROBANZ X 5 T oy <oy +0.=10.6X10° Qm/mol &
%3139 T, Fe-Si-AI-CRATDHA o, 133X107° Qm/
mol& LTEEEI N TS, Lo L, 056SishKTid,
A c<IX10°Qm/mol & T2 LRBDAIZHE
(6.8X10*mol) LA_L D Al-C pair BB - HRT B Z Lz k
D, FEHELD. £/, 0.28Siik B T a, =3x%
107°Qm/mol &5 L, MBIZETNEAIDITLALER
AFCpair2 B §5Z L2k %, U EDZ 06, AlC
pair DHFHEZDEDERETE KA, BEAERIE



Table 2. Average values of the change in p;x of speci-
mens which were quenched from several solution
treatment temgeratures and then aged at 523K

over 10°s (1072 Qm).
. Solution treatment temperature
Specimen Tg53 K 873K 923K 973K
0.01Si -0.854 -1.140 -1.750 -3.196
0.28Si -0.738 -0.983 -1.585 -2.514
0.56Si -0.496 -0.676 -1.317 -2.300

Table 3. Average values of the change in DMR of speci-
mens which were quenched from several solution
treatment temperatures and then aged at 523K
over 10°s (107° Qm).

. Solution treatment temperature
Specimen Tor3 K 873K 923K 973K
0.01Si -0.013 -0.031 -0.066 -0.086
0.28Si 0.016 0.016 0.020 0.035
0.56Si 0.025 0.035 0.058 0.169

13 5 DMR ORI % Al-C pair D2 THIAT 5 Z & I3 R
Th5b, ft->7T, A TIZDMRDOZEAIZ KT TEE ALK
TOWELBEATS,

3.3 Si-CpairpsE&h s &L LGEDDMROEIL

3-208EHICE D ¥, Fig. 1 & Fig. 2 TR L ZREH D
Prx & DMROZEAL & BT 5 72010, MARERICE
135 Si-C pair DK & BRABRKL TAD, ThEDDS,
EAERIC VW TRD2ODORIE, 7274 tHOEEC
R E LT 3 RIBE , BB DTSR E
72 Si-C pair AT 5 L9 KIG, HEETW5 LRGE
+5, SiEFECHETHBERL 72 Si-C pairlZ K 2 (ZEET
OEELE, BEESIETRCHEFA TR ZThEMTHEL T
WABADOMEID /NI T LA TE S, 5T, Si-C
pair DEKEHE B L O DMRNDFH LR ZH 6 Si, CIRF
FRENHPOEFGOMEDE/NEL BBLEFELOND,
Si-C pair SR $ 5 &, pair 5 BB L 7= CIRT I H
A FAMEERL, BREN 2SI FITEEFEEREL £ 5.
COHBEFEESIIEDEEEFORELAKRES LS
B, ERELTDMRAEMT 28D LBbIs, £IT,
(1), (2H)RDOMEZSIIZ, [#CICBHRAT, 7L
Si-C pair D EL B ExERDTHD, ZIT, thflag, ac
bEUoag i3, TRhZhEFTEAS, HETHEECH
L UV'SiC pair®D p, NOHFGOMETH D, B B, oo K
U By EDMRADHFEDETH B, EECD prpy 6 &V
DMRANDEH S5 DE X, 3.2 L FAMKIZ a:=4.9%X107° Qm/mol
B LU B=0.1x10"°Qmvmol & L 7z,

Fig. 413, BLRAFEL 2280RHI DWW T, 973K A2 L BEAN
FEBED p B LUDMRESIEERIIFLTT Y L
72EDTH D, pog L DMRIZSIAERICN L TEKRTHE
PTE, ZOEEDOHES S, BESiD p,x ¥ LU DMR
ADBFEEOEIZ, THhEN 0g=65X10"°Qm/mol ¥ & T

11

Sid SUIEREHOBAM SRR BT F - VRN LDOFH

10
Al content
8 / (0.56Si)
N e S
g 6
s
Ol St
4
>
Al content 0.28Si
2 (0.28Si)
o L I " 1 " | n | X I
0 2 4 6 8 10 12
aac (10°Qm/mol)
Fig. 3. Relationship between o, _ and x. @, ¢: the value

of the contribution of Al-C pairs to p;, x: the
amount of decomposed Al-C pairs.

10

o 77¢, DMR (102Qm)

! !
0 0.2 0.4

Si content (mass%)

0.6

Relationship between silicon content and the elec-
trical resistivity at 77K, p,.g, and the deviation
from Matthiessen’s rule (DMR) for decarburized
specimens quenched from 973K.

Fig. 4.

B =0.4X10"° Qm/mol & 7% > 7,

KIZ, Si-C pair® poq B L O DMRANDFHGDE o, 5
KUBThHBH, BEHTUORES LIZIDEE
ko BEEBFRIEL W, L2L, Bkl 7L 5, SiC
pair D HIZ & » TIZEE T OHELR/ NS 557129,
O <O+ ae=11.4x10"° Qm/mol ¥ & U Bg;_c<PBsi+
Be=05x10"°Qm/mol TH B L EA 6N B, Thiz, K,
ABEBE LXOCHBHOME?» 5 & XFEhb, £/, pair
(% 3\ it dipole) DDMRADHGIIEWETEXSh, 5
WIREBCOFE LEMEO/NE KEZEELONTY
2 351D KEFZE T Be=0.1X107° Qm/mol(= ) & IR
F L7, RIZ, Table 24 X U Table 31278 L kALY DK
WAIFIERT LAEEELLN S 10D Ap, B LV
ADMRODE¥HE L (B LV(2)R&KD, oy &/87 A —
2L LT, SIAEBELHHIZEESELEZETOCOELSHE
x+y L DR AERD 7=, TORR% Fig. S5IZRT. x+yid,
0.01Si KB Tid g DIBEIZ DA D 5 TIFIE —E, 0.28Si%

773




. 77

4 & 58 Vol. 84 (1998) No. 11

12
<o
10 - Carbon solubility at 973K
/ i
8 b b B -
_,__._// v

X +y (10*mol)
[e>]

4 L @ gic (Qm/mol)
7.0x10%
sous:

0x10°

2+ 10.0x 10°¢
11.0x10%®

0 I |

0 0.2 0.4 0.6

Si content (mass%)

Fig. 5. Relationship between silicon content and the calcu-
lated carbon concentration contributing to the pre-
cipitation of carbide, x+y. x: the amount of decom-
posed Si—C pairs, y: the amount of single solute
carbon atoms, o, : the value of the contribution
of Si—C pairs to p,.

LV056Siak M Tld g A/ NS RME BIZLE AEL &
B, LML, TXRTORB Tx+y#973KIZH T 5 CORE
PRV 0.017mass%!” (7.8X 107 *mol) # B A LW\ 729121,
Qs & 9.0X107°Qm/mol I L& L TRMEABE S 5, L
LoZRtEWZTEE LT, RFETIE oy =9.0%
107°Qm/mol, P, =0.1X10"° Qm/mol AR L 7=,

Fig. 66 & UFig. 713, ZhEZhSiGHERLxB LUy L
DOBRT, AR LOEEE L/ ST x -2 —L LTHELEE
DTH5, xIZSIEHEOHME L I2¥ML T3, 2
DZEEF, SIGHENSWIEIEBRANBERD 7 254 +h
IZSiCpair WEL FIETHILAERBLTVS, &,
0.01Siad K Tid, ERILAEIEE 2 823K ETxMNED
Bk ->TWa, Zhid, HEAM MK % Fe-Si-CRE%
T>AENWIE, D0 og  BRUB, DREDHEIC
ERTZEDLBbNsH, FEMITBRBEICHSNTRET

5. —7, yIESIiZEHBOMMIZE & &\ x & I133ITH
HPLTWE, ThoxBIUYDER,LERD T EHE
5, Thbb, MARBEHROD 7 254 Mz, Sig
AENZVEE SICpair & L THET S CEMIBENT 2 /-
&, WiZ, BEFTEBEL TS CRRIBP T3, /-,
SIZEEENELCZ 61T, 00ISIAABDOx 2B 2TDOxE
KOy B LAEIRE AEVIEE A X v, Zhid, Bk
{LABREOBEECEN S VNEE, BANBEKRD 7 254 b
HFIZHB T2 Si-Cpair B KU HFEFREBCOBMN L $12£<
BB LR L TS, 823,873,923 B L UN973KIZE
237274 FPOBBRCEIR, THFN14X1074, 27X
1074, 4.7x107* 5 K ' 78x10*mol & RT3 1D, LA
L, Th6DMEIEFig 712617 % 001Sisd O yDE & b
B3, SBKOBAEFREZLThE LTIz AkZ N,

12

8
Solution
treatment temp.
6 o 823K v
A 873K
0 923K
S 4 v 973K
£
3
8 2l v o
x (=] A
‘__‘/_{:;:é Y
o0R
M
_2 | I
0 0.2 0.4 0.6
Si content (mass%)

Fig. 6. Relationship between silicon content and the mole
fraction of x for various solution treatment temper-
atures.

10
Solution
treatment temp.
8 - O 823K
A B73K
0O 923K
S 6} v 973K
E
<
o
T 4p
> \
o \ M
\ 6
0 |
0 0.2 0.4 0.6
Si content (mass%)
Fig. 7. Relationship between silicon content and the mole

fraction of y for various solution treatment temper-
atures.

ZOZEIE, 00ISIRBDOxDENBEIZLEE I L L dbET
FERTIEIARBETH 5,

ZZIT, SiCparBIDEDKIIZL TR EINEDOH,
(ZDWT#E X %, Tagashira & 13 Fe-Si-Mn-CRA& &2k T
BMERT, SIFEFE CRERTFOMBIZIIRNIAMERT %79
PRIEALER I Si-C pair STER E N B D TIZ A<, SiA Mn-
C dipole DK #12 T 5, LFEBAL TWBE 1, E»IZZ
DEZIZ, FeHIZB T A Mnk CE 3510, Si&CLIitF
HBERT S, L0 L BB OISFF L ok,
UL2L, RFRORAK, T4bH5Mngd &% 50 Fe-SiC
FREE T, BERCABEBOBEANBIMAE % O BBt
BEHTE TO E DT Si—C pair B X 7= D » 4 # 52
Ladhid, B ODMROZENAZSFHBAL D50, 22
T, KZEORE TSi-C pair K N A ERE LT, Si
WYL CIHRFEDOMUMMEERMAY 42525, Thbb,
(1)7 =74 MEOBKRCUBERE T, BASIETFECl
FTRAEVWCRELURMICAIML TS, (2)BAREDL
BHEVREE T, W CERBICCEFIISIETFOEH




1073 T T T 10°®
Specimen Temp.
e _—
i Diffusion length -
o 8731 | N s 107 E
° " r AN b £
2 '\. \ 5
S 6731 i =10% —
(7] \ c
=3 i .2
2 Y 1l 3
- i b=
- ) -9
473 \'\ \Half of mean distance of +{10° @
\ Si atoms in 0.01Si specimen
\_\\
273 e : : : 107
0 1 2 3
Time (s)

Fig. 8. The change in the estimated temperature of speci-
men and the diffusion length of solid solute carbon
atom during quenching from 973K to 273K. The
trapping of carbon atoms into Fe—Si octahedral site
is assumed to occur under the upper limit tempera-
ture of a; 573K, b; 523K and c; 473K.

DOKTTEENT 2 7-DICSIRTFICBEELEZRAME
IZBAL, SiC pair R SN 5, ik, HERMHEAIER
2k BCEFOBAMBELTE, 7274 b by o
2Bz BT S SIEFORTEELFRFOZINID &/

XN Z M6, SFe-Sin 5k B INEEY A b (Fe-Si¥
4} BEZONS, £, ZOLIIIERT =T A M
TIESi-C pair @B X L5 2 & T, SIlMERE
SR O PSS e Sk s L OB 3R & 1o LTt o
Sik COBAMBIILVE T ERRS DR LHEFETE
5,

KT, BEANBRI SR CEBE CHEF A Fe-SiY A M IC
HBMLBI»E»EEZ TAD, Fig 812, BEANBRIC
B 2 EER L AARREE GEHEE) & K UEE CIRT O
PEEE (GHEUE) & oRRERT. ROREZ(LIZBN
o mzE A RR L VRO, 42, EECETO
ErRE T MMEAEEFERICKD CEFAPFe-SiY A b
IR X NGO SIREERE L, TOHEE» 5RKIREAN
HH XN 5 BB TOMNEEIZ R SRR O AT L L
TRWIF=, TZT, Fe-Sitr 4 F TOHIEIL, (a) 573K,
(b)523KFB L V(c) 4T3KDIMHEDBELI T TR I 5 &
RELTEHE LA, ZhsBEECHE ORI, Kb
SR L& 90T, RESRIREICENER 0.2 88 L i
T0.01SiEA BN 31T B VA SR T O - HBRRO 12 28 A
Twb, ZOZLid, BEARBIZEB CEF 2 Fe-Si¥ 4

PR - BATBZEANTBEEZ AR LTS, T2,

SigH RN % L EE SR FO YRS 5 7
¥, 0.28Si% K 1°0.56Si AN} Tld Si-C pair # X T 5 FER
ALKk hD, ZHIEFig sOERME & —3T 5,

DL ETHEEL U 7= 8 A MLBE O pair D FZHIE Mn—C dipole D
BRI LIEXAMLTELBNEEDOT, BREHETCH
FLRIMPERTBRAERFET V2 a0KEMIZE

13

Si & BLIEFFMOBEARARI B 57 F - VEIP 6OTH

WTHEIZERZI VB EEbhb, flild, Fe-Cu-CREE
IZDOWTEE 532D T CuC pairiZEREH TEK S
ZEDELTHED LN, TORBERLLER,
AN EAIMERE R TR Eh 5 8D L HAL TV
B, 2L, Zh5Dpair i3I IEFEIRE TR &
N30, ZTOHATFILF —&2RD BFRICMn-C di-
pole*» % Mn-N dipole® DA LAIL FEIFBEHTE L1 &
Eiohsd,

4. 8

SIGEEDRL 3 3MED{KC - {KMni % 823~973K
PEBEAN, THhOEDSBKTOHFEBFAEIZBT S
TTKE2BKOBRIENEL L O F - VHI2LDFH
FHIEL, DLTO/HE/%.

(1) BRBOBRKEMF DAL & G ICHDT
3, LaL, vF—rw HIps0FTHhIE, SiGHEN
0.01 mass% DK TR T % A, 028 5 K ' 0.56 mass%
ORBPTIEWMML, ZOEMEESIGHEOHEME L B
2y 5.

(2) EEhH@FICHT 5 F— € VA S OFhoOm
3, BEARBEHRDO T 2 74 FHIZFIET S Si-C pair 23
MIC A RT AL EAB L THATES, ZOHBEAE, Si
GHENEZWEE, BANERICHENET S Si-C pair O
ML, HETERECRIEIEDT S,

(3) Si-C pairid, BEANEE, T74b5ERMAHEIRE
6 A% Ih 5 EROEERIC, BENEEERICE ST
EREhBELELILND,

BhIz, AFEOFTICH -0, B AR L THY
7 HARE (b)) tPRBFEAT RPGE—, /NP B,
25 UM AEER I Z W ITE W 72 Y R LR AR
DABEEBRIELS LR L EF 3, ok, KiFEO—
i3, (fb) BASSEBE P XUMILLE () OBIKIC
FoEmEhELZOT, TLTHEFLLET,
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