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The Effect of Alloying Elements on the Static Recrystallization
of Mild Steels in the Austenite Range

Yasuhiro MAEHARA, Tatsuro KUNITAKE, and Nobukatsu Fuyno

Synopsis:

The effects of addition of various alloying elements to a steel having base composition (0.1C-0.3Si-
1.0Mn) on the static recrystallization in the austenite range have been studied by a high temperature
double tension method.

It was observed that recrystallized grains nucleated at the grain boundaries and that recrystallization
time increased linearly with increasing initial grain size. At 900°C, recrystallization after strained to
0.2 by the first tension was retarded by the addition of Si (<1.0), Mn (<£2.5), Ni (1.0), Cr (<
1.0), Cu (<£0.3), Nb (<0.04), V (<0.1) and Mo (<0.4). Among them the retardation effect of
Nb was remarkable, and this was explained by precipitation of NbC. On the other hand, the role of
other eclements in the retardation was ascribed to substitutional solid solution effect. In the Nb
added steel, the degree of retardation was found to be significantly influenced by the heating history
before a double tension test. This can be explained by the difference in the dispersion of NbC pre-
cipitates in addition to the initial grain size. The contribution of individual effect of grain size or
precipitation on recrystallization was separated in an analytical way. Recrystallization rate increased
with increasing C content (0.002~0,07), but this was interpretated as due to the indirect effect of

initial grain refinement by carbon.
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Table I. Chemical compositions (wt%) of materials used.

Steel C Si Mn P S N Others Remarks
B 0.110 0.270 0.99 0.004 0.008 0.005 — Confirmative
BP 0.090 0.240 1.19 0.038 0.004 0.0121 — experiment

C1* 0.069 0.013 1.54 0.003 0.006 0.003 —

Ca 0.044 | 0.007 | 1.56 2 ” 0.002 | — Effect of

C3* 0.011 0.008 ” ” ” 4 —

C4* 0.002 0.007 7 0.004 4 “ —

Sl 0.060 — 0.85 0.005 0.008 0.0042 —

S2 0.070 0.240 0.97 0.005 0.007 0.0045 — { Effect of

S3 0.100 0.490 1.04 0.005 ” 0.0054 — Si content

S4 4 0.990 1.09 7 0.008 0.0056 —

1A 0.069 0.260 0.49 0.003 0.006 0.0023 —

1B —0-065 0.290-1+ - 1.00 0.004 0.009 - -0-0031 —_ Effect of

1C 0.063 7 1.54 0.005 0.010 0.0037 /' Mn content

1D 0.058 7 2.05 ” “ 0.0038 —

1E 0.046 4 2.54 7 0.011 0.0046

2B 0.110 0.270 0.99 0.004 0.008 — — Base

N1 0.090 0.260 0.97 0.005 0.009 0.0033 0.48Ni

N2 0.100 0.270 0.96 4 0.008 0.0030 0.98Ni

Cul 0.110 0.260 0.97 0.006 0.007 0.0025 0.18Cu

cuz2 0.080 0.240 0.88 0.004 0.010 ” 0.30Cu

CRI1 0.090 0.270 0.95 0.005 0.007 v 0.55Cr

CR2 0.110 4 0.97 4 v 0.0023 0.94Cr Effect of

------------------------------------------------------------------------------------------------------------------------------------------------------ various

NBI 0.080 4 1.02 ” 0.008 0.0033 0.02Nb alloying

NB2 0.110 0.280 1.01 4 v 4 0.04Nb elements

V1 y v 1.03 ” 0.007 | 0.0028 | 0.04V

V2 0.090 4 1.01 4 ” 0.0030 0.09V

Ml 0.110 0.270 0.98 0.004 4 0.0028 0.17Mo

M2 ” 0.260 4 0.005 0.010 0.0033 0.35Mo

*’s denote steels 17 kg-vacuum melt, others were melt by the 50kg induction furnace.
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Fig. 1. Schematic description of stress-strain curve
in a double tension test (a), and result-
ant softening curve (b).
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Fig. 2. Geometry of specimen.
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Fig. 4. The softening curve for steel BP. Refer
the figure caption of Photo. 1 for the
numbers.
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Fig. 5. Relation between recrystallization rate
1/t 5 and grain boundary area ratio 1/d.
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Fig. 7. Effect of carbon content on recrystalliza-
tion. Numbers indicate initial austenite

grain size (u).
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Fig. 8. Effect of Si, Mn on the recrystallization.
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Fig. 9. Influence of Si, Mn on the austenite
grain size.
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Fig. 11. Influence of various elements on the
austenite grain size.
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v TOERH BN LTIk,

BohlcfERo 5% NBl $icofld Fig. 12 iR
T BPhoBITcRTEF—x12 (a) XIhd (b),
(€)Ttos MKELIDOTN5. RPCWiihiRd 24
HETRLIEH, (a)TTp THEOEHL, M#s s
FIRBEE CRIOTEEFE(b) TR LI
DTED, HIT(c) TR 120 p EHKAENRELWZ LA
oD, (a)HELT(b) Td B SvDicdrdi
L3 bos BRE LT DT B & LT E%RE. ZDFREE
X NbC i REEDZER H D D EFHREhi. (c)
TOMEROENT, T r oKX roxEE
ThsEBbLRIH, FiboFESLhieiE LT3
ZEBEZDLRIDEE XL L. Fig. 5 R
Lk i, Hih4s A5 Shig %2 bhs @C
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10°k ©1C-03Si-1.0Mn-002Nb  130M
f £2020,£=00185" -
r K
S5 8
- wZ
- 5‘6
21
10’:
@ L
Ll
S - /
-~ i §u ’,
CF /
2r S5/
d=7m w ,’
G S I S
sl \\\\t;
C i S - t . N - -
900°C C 9pp’c Tiﬁgg’o'c
wa
(a) {b) (c)

Heat pattern before double tension test

Filled : experimental data.

Open : deduced value considering the initial
grain size effect on the base of (a)
(See the text in detail).

Fig. 12. Effect of heat pattern before a double
tension test on recrystallization.

r, BEREE s WHRRAERE 1/d o8y
KRELIRD. ZThOOMCERBERSRIT S ERET
AE, Fig. 12 o(a)msx — v L 5T, (b)
» () TREhEZIANPEEAATRULEBED tys ¥
T TThS. Tihabb(b) T (a)X v d tes VXA
L, (¢)TREMTSH. &F - 210 ON%E LB
7od DN, MOEELE: LTV X 55508
moybevdz biciss 5. BRESYNGHT 3290
HWEDZR L NbC O HRE, SDOHEDORTHS &
LTERLHROBRERCE L TOFERI=21¥(Q)D
Wy 40 g, 4Q . R, FREFNOERSLIE~D
FEDVEDL BV DhZRE L. ThbbQ
TR /s & OBICERRVEII TS E LT,
1/tys=Bexp(—~Q/RT) (B 12EH)

E— bt —v(a)ToOEEb=FAF, Qo KHLT
D(b)B BV ik (c) TORME 40 ' Fig. 12 o5
— 2 bERTRRED. TWREDCEN TR
Nictys OfEn b 4Q¢ AR ESH. NbC oFfRE D
BT XD EEZ SRBIEMG 40,12 4Q 75 40,
ZELFIWTRD LIS, Bbhtflix Table 2 1w ¥
LD S EFTRELRTVWAEKEIL= A ¥ O
¥ ~100 kcal/mol FRETHBHY & LH H&K T, Table 2
WRLAERD2ELBLWGEEV2 L5, chnrd
(c)oFMR(b)Lbvd 4Q 2 3BEEAZ VA, Tl

Table 2. Activation energy difference (4Q , kcal/
mol) between the case of (b) or (c)

and (a).

(b) (c)
4Q +3.49 +10.27
4Q ¢ —1.85 +6.72

4Q,=4Q—4Q¢ +5.35 +3.56

4Q : calculated by the actual data in Fig. 13 by the relation
1/tg.s<exp{—(Qy+4Q)/RT}, where Qg is of the case
(a).

4Q : calculated samely by the deduced value in Fig. 13.

4Q, 1 40 —4Q,, extra effect of NbC.

WEDZREAE LE i 4Q, OfETHE(b) Do
PRREWEEZR LTG5,

TDEYie — P X — Vi X AEERINHSROx
'L NbC o pERc @A LT B b0 tEL bR 5.
Tl b (a) TIRBER T B CRERRECE LW
DLELBFHLTE Y, ThbriGHh S 50
1 900°C ¥ THINETHEMCTHEL, ZBFEOL ¥
K7 NbC B2 bIFETH X 3 RINTh ok
bOLHESRD. —J(b)Tix 1250°C T—EHE
EEhTkH, 900°C~OFIMERFICA L 21X 1250°C
ODEARICEA IR B FRIEEZZE LT NbC a1
ML B LUTHHEL, (c)Dx— v TiRBF{bok
DT B 2L T D EHEEINS.
FEERERSE,» bR IUE, (c¢)To NbC offdizdk
HWEABETHDd Lhlkubh, MIFEEdyEzh
(b)) L ABECHHELTWTEELLLR\WTHS
5. Table 2 DfERABIZ(b) & (¢) L THHREAER
RERZEXRVIDEEZ b, NbCititHof e
b Y o 72X EEEREE DI LML T b2,
DX 5 7RI i dislocation pinning » DBEfE CE
R R ESFETE b0 LELLNB2, T h
K& R LCRETOBHRIITE DL BbRS.
E#E Nb oxhEix NbC oxjRic EhfEH TE 5
BEoboLtBbhs. .

P EDERY LI B BB 0L TH LTV 2854
ik, TOBBEN K& FERTF L7b 2 Lot
%. : :

—HV 2, M2 The—totx—v(a)ith~T
(b), (c)TIX to.s CKETDOENEZ LR, RE(YDOH
& OBSE T NB I L Aokt T 2%, Lal,
WITROBE IR E O REEE LIIEB Y1 &
ALTg 78D Z LMD LR, HHOBRITI T &A1
r oY/ Iy
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34 BESKEHPCHEIET(EEXAORELCDOOTO
ER

&mEoFET Si, P, V, Cr, Mn, Ni, Cu, Mo 13/
BT A ENED b, MlloREXE
SIERInGE (at%) ¥7-h BB Lick 3 & K 2AXCR
FHREBIHC 2T WA EAIRED bhic. ThbOEk
BEBECEB LTW5 b Tl b, rrholih#ck
ELAEFEHESIHETSHY, wTFhi Fe o pTINEGER E
FEBE»PZNIDLIREVELRDTWE, ZDLXH)
TR TIBEA OO Fe 0BiXx X h 3 5&TEOH
EALEL B DT, MRS B VRIELOTHE X ETS
I VEESRTESEL L DERbRS. Lichio
T OHEE OB/ OBREIR T X TI2igEH
TEBLDTHAS.

—F CTix, FIIRE ORREETEEERCEE
AEEE LI\ E% 321 TH~7e. FOMAL LT
Fe PR ARCEBTD v Tk h, Fe 1 BE)
TAEELIEFIERE VOB ERDBEORAD D VI
EMNOB I LTI EALLEEELEV-ALTHSL Y &
Bhbhs.

<MYy 2 ALEAEME S OWHYEERTHTTERY
Wiy NbC 0 X 51 3-2-4 Cal~N7A-BEc X b
Eaniglzh RV ek E L kb, SEED bGhih
“Ofz V, Mo R\ T HERIE, &0 TIREon]
HEMEN B D, VE 0.12% &Lt V.G 2R
T5 ERbLhAN ) KigBERINEHSRLRRE S
TBOWI . =z Eiz Ti OWCHREETH B
m)ll)_

SEOFHEZRD S b TRHHEREDTE LI TEE
E LT Nb Hine ks NbC ofiidii b BEE THD
2. TOBETIE, 324 TRRICLO5RE— Fot g —
VX BHTHORMCEENRES R DTIBZ &M
DRz, TOZ LRERARTLRICEACERT, B
FIRTHY & DBEE T E LR TREMETCHB L EH
ha.

4. @

0.10C-0.30Si-1.0Mn g% A\ T, *—AFF1 M
REEYHATHZ LI ) B RETEEREGHY
FBET D HEY EAH CRF L. kL, hE BE
A—pa% A C (0.002~0.07), Si (S1.0), Mn
($2.5) BEE{LReibo, LY Cu(<0.3), Ni
(<1.0), Cr(<1.0), Nb(<0.04), V(<0.1), Mo(<
0.4) HrhZhEcERMm L@ AT, 900°C
e =0.2 COBEACKSIETAETEOHELYREL

il

fo. ¥ fc Nb, Mo, V @Hingdo—#e >\ T B D
EEEHEN, ToREEYEH L. B6hEREYUT
BT 5.

(1) ZBE5[REcobARERBEC X 2T
FOEITIRT ISR L, - OFHEOZLUMH TR &
iz, Fl, BREROBIRATHY, PR o
REIT B FEEEER (fo.s) VRHEIN U, THAE SEE (1/4.5)
ERRERER (1/d) miziF s L.

(2) C ok oT B REshc. Ly
L, ZhizCofinc X »uik i oMb X 54
PIFORRTHED EEZ BN, THINEY TS 2 R
TR CIEDE R LD tys DEFED Lhlch Dk,

(3) S8i, Mn, Cu, Ni, Cr, Mo, V, Nb i\ ¥id
BELYIE L, Bz Nb oENEETH O o h
12 NbC o#fific L5 &E %2 bh, lOTLROERILE
B ER L-RETECLS D EELBRS.

(4) Nb wingfcux, BRI X9 B &REILK
R OTL BT b2t T OREEEZ, WK
EomRoftic NbC o HithHED Zihb & E2 b
n, TRTEROMEIZR~DEF 5% 2HE L.

B D AR DORELHTT N ERSETE )
R R TR e AT R, ANE MR s fLE U R ¥
TR AERTT A h i, s ligE Foii e
FR BT ¥ (B IR e DB RE A MICEL K
e LB E 3.
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