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Effect of Low Temperature Aging on Hall-Petch Coefficient in Ferritic Steels Containing a Small Amount
of Carbon and Nitrogen

Satoshi Arak1, Kohei Fuin, Daichi Axama, Toshihiro TsucHIYAMA, Setsuo TAKAKI, Takahito OuMURA and Jun TAKAHASHI

Synopsis : Effect of aging treatment at 373 K on Hall-Petch coefficient (ky) was investigated in consideration of the change in friction stress associated

with carbide/nitride precipitation in ferritic steels containing 60 ppm carbon or nitrogen (C60 and N60). Tensile tests revealed that the k, was
monotonously increased with increasing aging time in both steels, and also, C60 exhibited a larger ky value than that of N60 under the same
aging time. As a result of 3DAP analysis and theoretical calculation for grain boundary segregation of carbon and nitrogen, the ky correspond-
ed to the amount of carbon and nitrogen existing at grain boundary. There was no difference in the effect on ky increment between both ele-
ments. The larger k, in C60 under the same aging condition was due to the larger amount of segregated carbon compared with nitrogen.

Key words: grain boundary segregation; age hardening; grain refinement strengthening; ferritic steel; Hall-Petch relationship.
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Table 1. Chemical composition of specimens used in this study (mass ppm).

C N Si Mn P S Al (6] Ti Fe

IF <10 <1 <30 <30 <20 <10 50 18 240 bal.
Co60 56 11 <30 <30 <20 <3 40 39 - bal.
No60 5 54 <30 830 <20 <3 40 21 - bal.
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Fig. 2. Nominal stress-strain curves in as-annealed specimens of C60 (a) and N60 (b) controlling grain size.
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Fig. 3. Nominal stress-strain curves of C60 (a) and N60 (b) aged at 373 K.
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Fig. 4. Changes in electric resistivity of C60 and N60 with aging
at 373 K.
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Fig. 5. TEM images showing precipitates in C60 and N60 aged at 373 K.

*2 RHIEN SO TR Tlde - AU XU Fe, N, DM A TN T 277,

52



M OBEIRIE )17 Hall-Petch DBIR TR T X 2 Z & b2
%, 0, DAL DIZEPBEND 52 LT ZOE(LE
3R 425 MPaffETH D, k, NDOEIZINE VW EEZTK
W, Fig 7 DAER 2 B 6 20720 & 512, BRI o B4 £k
L C60, N6OMiflilfE & & Z D =, 9 75 5 Hall-Petch R EL
k, 23BN BAEIAZ B 5 o Fig.8 12 k, & BN IR O BIR
HREPEL 7o FPMEBIAICHE H % &, N60 Tidk, DfE A
IFHDZ N EIFIERIFETH 525, C6OTIXIFH L D 27D
KELk,PHEENTN S, Zhid Takeda 5 DT & —3T
LAERTH 5, RN A a3 L gl & 12k, 2 BA LT
W<, ZNFEFTREROKNDHEIINEVEZFELENT
WY BRI 5 & 2 OSBRI, SR
LIk, # WAL EEZENMELE RS2, L2L
W& R 5 &, WPh ORI 50 T3 C0 D
MRKE Lk &R LT 5, BAIEHTHIEDORR (Figd) &
P TZ ZCHEHTNE AL, Wik & 6 ks ORRHLEE
Lo Tk EAEL ERHLTOBICEMD ST, BAIEN
BIFEAEZELTOENWIETH D, ZOEFEE, k#*
WK X BEK & U TRALR S OB S B R T &
D, HEEL W2 RE SRy iR A w2 Z &1
& 0 AERRALARILRE S E D ST D Z LA WIEE - T

T HR - SERERMULI=7 274D Hall-Petch fRABU KT KRR ALBE O F2 2

W5,
32 Hall-Petch{®#&h IR = DRER

2GSRI I 1) B AsoR I L AL % B 3 5 Bl oD
VED &L TpileupEF L™ HHIS TV B, H5067 I &
D AR U 7= R A A SR R T 7 OB A Ik 6, Bl
LS 2 D% CTHIE T E FIZ R~ L HERE (pile-up) LT
N E RS %0 Z DERRIANIC & > TR IR S 28
AU, FNAESRIR A S D 7 RERAL Y 12 0B 7 B R
A B LERRIAVRIAR D B AE A X N TRRIRBIR A RHLT
ZLEZBEDTH 5D, Wilson 5" 13T v FE v MEIZK
2 BRI OHRf O 288 & FAE U, KA AV E B o fi kg &
L CORHE L Hrfiii & LT OO 2 Ho, Bghic &
5 RN D IR A DM = DO HGINZ & O Hall-Petch £ 54 L
AT B EBRRTNS, RIIFRIZH T Sk, D EAIZDONTE
KRR D E L5 7, Z OEANERIZHNTRFED T
DERNEE Z T EFRERE S LFIHTZ S,

HH S IETH 125 T, €60, N60O BEHM o K F b it
IZDOWT3KILT b &7 1 —7 (3DAP) & W THA L T
B0, COMEHMIZI5 1T B BT R wIE, | nm’ D HLADKRA
HfEd 720 DR TR TET L 7.6 atoms/nm’ T dH 3 A%, N60
PESEA 12 36 0 B WA e K E 2.1 atoms/mm’ FE2/E TH % Z

0.006
é—ﬂ\ _____ a Grain size: 20 um
2 o Hmm———n T
2 0005 TTTmeme—anl_ . Aged at 373 K
E o 0.
© 0.004
=
5
$ 0003 -
E
5 0002 -
E @® C60
=)
E o001 |- DOIN60
0 L S T Y Y -
as-annealed 10 1 10 102 107 104

Aging time, ¢ /ks

Fig. 6. Changes in solute C or N of C60 and N60 with aging at 373 K.

Grain size, d / pm Grain size, d / pm

100 50 30 20 100 50 30 20
300 TIITTT T T sm I T T T 2I
(a) (b)
) CBO as-annealed O N6D-as-annealed
20" 0 cso372 K06 ks 250 [ 1 g0 373 K06 ke
A CB0373K-6 ks A NBD 373 K-6 ks
5 g00| @ C60373K60Ks & p00 | @ N60ITIKE0Ks
= =
& b
g 150 [ ﬁ 150 *
@ ]
g 100 = 100} _
IF-Steel
50« 50 F
1] i 1 i 1 i o L L i L

0 0.1 0.2 0.3 0 01 0.2 0.3

(Grain size) "2, ¢2 | pm2 (Grain size) "2, ¢/ pm'2

Fig. 7. Changes in Hall-Petch coefficient in C60 (a) and N60 (b)
with aging at 373 K.

53

900
800
700
600
500
4009
300
200
100 |-
0 =5

Hall-Petch coefficient, k, MPa- pm 2

Ll
10?

Ll

as-annealed 1 10
Aging time, ¢ /ks

L
10°

Fig. 8. Effect of aging time at 373 K on Hall-Petch coefficient.

495 NN



I 496

$k & 4@ Tetsu-to-Hagané Vol. 103 (2017) No. 8

EER LTz, £ 2N60BESIA T, ANEERIZIRA L T

% 5 ppm D K F A1 1.6 atoms/nm’ & O K AT % Z L T
B0, RFFZERICHARTRER 238D THRL Z & % #

BLTWB, ZOX I TR IC T TIcZh Zh O E
ICHBENBIN TS Z &2 5, BBz 0 5 ki AU w2
FHAMILRTRE > TOTEAREETIE LW, 22T, K
SHRVEEFA 12D T & [RAIARIZ 3DAP % W CRIAMRAT R O 5E
Al & 47 > 720 SRR O — il & L TFig9 (a) 1% C60-
6 ks REEIMIZ I 1T B IRFE L BRDIRILEF~ » 7, Fig9
(b) 121FC60, N60 D BESFS & 100°C-6 ks FERIH 12 65 1) %
KA AT ROMERRE AR L TS, 22 ChtiEs R
60l 13 Interfacial excess” T& 5. 100°C-6 ks D BFENULIR 5%
3, REROME D k137 L <8RS 2 203l S hos
WERIETH 5. BEhLERC X 0 iiiRE & & KA R T & A

ML THY, C60 Tidix DR FURATEAY9.1 atoms/nm’ |2
5L, N60 T & EHEOMN RS DK 35124 5 5.8
atoms/nm’ £ T FRA L TW3, 20O &5 IR BT RO
MEk,dEARILHIGELTHD, ThsOMEERE,
BRORAMTINE S T, 2 LR 509 F 2 &5 <
FHRHT2LDTH 5, Fig 103K T L -k F & 23R
DR &k, OBIRE R T, XIH D C60 & N60I1ZBIF % 4 51
IZOWTIEk, B KO & & I2FHEZRL T 5, 5
HF— 4L L TRL72C30 (Fe-28 ppm C-11 ppm N) & N30
(Fe-11 ppm C-24 ppm N) {ZBH9 2 2 ;IS DWW T, k, D
L U C Takeda &5 DY %, R mArEE LT FIOR
FMcLean DX I & D RAEE - 2 HEM A2 R L T

6 o
(a) - [® : mc

s 1
e - .N

oo

=}

B

Interfacial excess, n/ atoms - nm?

L]

SRR ¥ 1

46 = a6rnm < 60nm 0

C60-as-annealed  CG0-Bks

ME0-as-annealed  NE0-Gks

Fig. 9. 3D elemental maps in C60 aged at 6 ks (a) and average
amount of interfacial carbon and nitrogen excesses in
C60 and N60 at the grain boundaries (b).

X¢ o ( AG,j o
ZM le 1— ZM lX RT ) 3
J=1

Z 2T, X\ ZRMICE IO EVER 7% [at%], X, " 13 5R
JH I [at%), X®* I3RS [at%), A G 2fwbT

DF T ZLAXNF— [J/mol], RIFEMAEE [J/ (mol - K) ],
T3S [K] Td 5. Fig.10 & 0 k (3R RmHT (R 3F+ =
F) BOMMEIZHKTEZE1b25, ZOLI IR
REBRORBEOMME LT ISk, MBI A S L0
I, KREBRTIIRAOMLEEDZLEITNENWT
ERRELTWS™, Tabb, [A—HRh&MTN60 LD
C60 D iR E %k, &R L 7z DI HUT R RRAT L 72 (C+
N) @R L > Tz eELIONDS, 7272 L, KSR
EIAIEN & D COH LB MITKE L, WiH TRPHERE
R 3HME UT, BEERICER U 7= fwtr o SXE) 1 o
SEEY | 5B VIIRE, AR ERR L OMEAFEH ORI
KoTHEUCTHBAREMRH 5, L LTI, N60IZ
B OBRIZIRA L2 AT & 5 %90.08 mass% D Mn A
ffbfbhhhcwmﬁﬁ%wﬁﬁﬁéhfnéiﬁ
2 = FORHT - 28I Mn-N & O 5] SRR A
ﬁﬂ“ @E;%ﬁ’ifi?‘o 7= EiFsuntiihagn, s oz AR
JEF DR TN TOHENZ DN TR T & BT HED
WENIRA T E v e Bbh b A, £ LLHTIC Hall-Petch
FREBUCRIF T ESATCEARDOEEIZ OV THL ML T
BREEDHAS,

700

. @ CB0 (C:56 ppm,N:11 ppm) @ /
:'E 600 |- @ NBO (C:5 ppm,N:54 ppm) m P 373 K-6 ks ®
3 O C30 (C:28 ppm,N:11 ppm)
. | O N30 (C:11 ppm,N:24 ppm)
R
=
o
E
)
[+
=
@
(=]
o
£
L
d_‘l’ 100 |-
=
L o | 1
4] 2 4 5] 8 10

Interfacial excess, n /atoms - nm2

Fig. 10. Effect of carbon and nitrogen segregation at grain
boundary on Hall-Petch coefficient.
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