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Metallurgical Factors Affecting the Work Hardening Exponents
of Low Carbon Rimmed Steel Sheets

Hiroaki MAasut, Minoru KAWAHARADA, and Hiroshi TAKECHI

Synopsis:

Metallurgical factors affecting the work hardening exponents (n-values) of low carbon rimmed steels
were studied. The following results have been obtained;

(1) Inthe tension test, the amount of work per unit volume which was done on the specimen to the
maximum load showed 83404 kg/mm? in the low carbon rimmed steel samples, while those of the sample
containing 0-1 wt% of phosphorus showed about 92 kg/mm?.

(2) Theoretical equations concerning n-value, and ¢, and K(which were obtained in a relationship

¢=o0,+ K. &£ near the maximum load) were obtained considering (1),

mental results.

and agreed well with the experi-

(3) Effects of grain diameter on n-value shown by the next equation, was obtained by using (1) and (2).

n=10/ (104 g+ 1-3d-1/2)

where d(mm) is average grain diameter and ¢; (kg/mm?) is intrinsic strength.
(4) The true effect of the content of a chemical element on r-value, eliminating the effect of grain size,

was determined by using (1) and (2).

Mn: the effect is related to manganese content in solid solution.

N: the effect is dependent on manganese content.

C.: the effect is saturated above about 003 wt%,.

S: the effect is far smaller than those of carbon, nitrogen and manganese.

O: the effect is negligible.

(5) Singularity of r-values of the samples containing phosphorus above about 0-05 wt%, was found

and explained well by using (1).
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Table 1. Chemical analysis of samples.

Chemical analysis (wt9)
Sample

C Mn S P Si Cu sol. N |{insol. N O
1 0°004 | 0-01 0:007 | 0-003 | 0-013| 0-002 | 0:0026 | Tr. 0-005
2 0:011 | 0-0l 0:007 | 0-003 | 0-013| 0-003 | 0-0022 | Tr. 0-008
: 3 0:016 | 0-01 0-006 | 0-003 | 0-017 | 0-002 | 0:0022 | Tr. 0004
Pure iron 4 0-022 | 0-01 0-006 | 0-005| 0-015| 0-002 | 0-0018 | Tr. 0004
base +C 5 0-023 | 0-01 0-007 | 0-003 | 0-013 | 0-002 | 0:0022 | Tr. 0006
6 0-030 | 0-01 0:006 | 0-003 | 0-0l5| 0-002 | 0'0017 | Tr. 0004
7 0:051 | 0-01 0:006 | 0°005| 0018 | 0-003 | 0:0018 | Tr. 0-008
8 0:074 | 0-0l 0°006 | 0-003 | 0°015| 0°003 | 0-0017 | Tr. | 0-004
Pure iron 1 0°002 | 00l | 0-006| 0003 | 0-013| 0:004 | 0.0114 | Tr. 0:017
base + N 2 0:002 | 0-28 | 0006 | 0:003| 0-013| 0-003 | 0.0108 | 0-0006 | 0-014
_ 3 0:003 | 0°46 | 0007 | 0-003| 0-012| 0-003|0.0112 | Tr. 0-018
1 0:003 | 0-01 0-006 | 0°003 | 0°013| 0-004 | 0-0027 | Tr. 0-012
Pure iron 2 0-002 | 015 | 0-006 | 0-003 | 0-012 | 0-003 | 0-0022 | 0-0007.| 0-013
base +Mn 3 0-002 | 0°32 | 0-005| 0-003 | 0-013| 0-°003 | 0-0022 | Tr. 0-012
4 0-002 | 0-54 | 0-007 | 0003 | 0-013 | 0-003 | 0-0023 | 0-0004 | 0-015
1 0-003 | 0-01 0-006 | 0-004 | 0-012 | 0-004 | 0-0028 | 0-0014 | 0-010
Pure iron 2 0-003 | 0-01 0-007 | 0-004 | 0-012 ! 0-004 | 0-0027 | 00008 | 0-021
base + O 3 0-003 | 0-01 0-007 | 0°005| 0'Ol3| 0-006 | 0:0031 | 0:0012 | 0-046
4 0-003 | 0-01 0:007 | 0-005| 0°012! 0-004 | 0:0030 | 0:0010 | 0-048
5 0:003 | 0-01 0:007 | 0-003 0-013i 0-005 | 0°0030 | 0-0010 | 0-063
1 0:005 | 0-01 0-008 | 0°004 | 0-010 | 0-004 | 0:0020 | Tr. 0-005
Pure iron 2 0:006 | 0°01 0:006 | 0:023 | 0-010 | 0°'004 | 0-0018 | Tr. 0°004
base + P 3 0-005 | 0-01 0:007 | 0050 | 0-010 | 0:006 | 0-0024 | Tr. 0004
4 0-005 | 0-01 0-007 | 0-106 | 0-015| 0-005 | 0-0017 | 0-0002 | 0-004
i 0-005 | 0-30 0-028 | 0°006 | 0-015| 0:050 | 0-0026 | Tr. 0-010
2 0-006 | 0-31 0-025 | 0004 | 0-015| 0-050 | 0-0026 | Tr. 0010
Low carbon 3 0-004 | 0-31 0-026 | 0°004 | 0-015| 0-047 | 0-0028 | 0-0014 | 0-016
o e et 4 0-006 | 0°31 0-026 | 0°004 | 0-015| 0:047 | 0-0032 | Tr. 0-017
bace s O 5 0-006 | 0-29 0-026 | 0004 | 0:010| 0'045 | 0-0033 | 0-0006 | 0-030
- 6 0-005| 0°30 | 0°026 | 0:004 |,0:017 | 0-050 | 0-0031 | 0-0006 | 0-033
7 0-008 | 028 | 0-029 | 0:005 | °0-010 | 0:040 | 0-0030 | 0-0010 | 0-041
8 0-007 | 0'29 0:029 | 07005 | 0012 | 0°040 | 00030 | 00011 | 0045
I 0-034 | 0-33 0:007 | 0-008| 0:011 | 0-030 | 0-0033 | Tr. 0.004
Low carbon 2 0-038 | 0-32 0-012 | 0008 | 0-0151 0-030 | 0-0026 | Tr. 0-006
rimmed steel 3 0-035| 0-31 0-026 | 0008 | 0016 : 0-030 | 0-0031 | 0:0004 | 0-005
base+S 4 0-041 | 0-32 0-045 | 0-008 | 0-010 | 0-030 { 0-0026 | Tr. 0-006
5 0-040 | 0-30 0-100 | 0-010| 0-015| 0-030 | 0-0033 | 0:0004 | 0-004
Low carbon ] 00035 0-32 | 0023 ] 0-001 | 0015 0°050; 0-0041 | Tr. 0-008
rimmed steel 4 vTuUos LU R e | U ULL UTulZ vU"uUI10 UTuov v uUuU4d 1T, U uuy
base P 3 0:038 | 035 0:025| 0044 | 0-013| 0:050 | 0:0039 | Tr. 0-009
- 4 0-041 | 0°34 0:023| 0-105| 0-018 | 0:056 | 0-0042 | Tr. 0-010
}imng?lﬂ:&rélA 0-022 | 0-32 0-021 | 0-010 | 0-013| 0-046 | 0-0028 | 0-0002 | 0-032
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Fig. 1. Relation between the amount of work per unit volume which is done on the specimen to

the maximum load, and ¢, which is obtained in a relationship o¢=g0,+Ke in true strain
range near the maximum load in the tension test.
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Fig. 2. Relation between rn-values and contents of C, N, S, Mn, O and P in the low carbon steels.

LafEEofFEE Fig. 2 R, &k, BETEbR
TWD X5 BUER 10%, 20% ORIE»LRD Shic
nffidsEL LT Fig. 2 TRLTEWE. -

MEIIDE D RELZTL VD, BEDOn{HOEIR
LEECHTYWAHEABPRD LN D.

LT AHT, RFAROBE, TAWMEREFO»IL DK
WED SBIRIC B WT, (1) RoBES KLt 5.
T, oo FX DEKTHOIBE/KYEE, K 3T H{bEL2ED
THREREEZ NS,

n & oo LOBRE Fig. 31, K & a¢ EOB%%E
Fig. 4 i, x5kt K-n & oo & DOEH%%E Fig. 5 TR
9.

LZAHT, 3-1 THLDRBRAFES T TOEAMKN
WMo oMM ERAEERX E LT 5L, EILmico
EFDXS5EbIND.

E =j;no.d$ e e ()
(1) X2EETZL, EUMEOSF0 BES ELR

> >
—

5.
E*:.j;”(ao+K-s)ds
=gon+(Kn2)/2 --------------------------------- (4) '!
—, (1)RE(2)RKELLOED (5)RAMBD EFE
5.

Go=K(L—7) +rreereererreinninniniieiieaieieiean (5)
(HREOB)RKEPBLOED (6)R, (7)RFXT
(8)RpBdb x5,

n=1+(E/a0) = {1+ (E/ag0)JV/2 -revveeos (6)
K=E—I—{E2+002}1/2 ........................... (7)
Kn=E—go+ {E24 6g2}1/2 ceevvevicricnncncnnn(8)

ZZT, POSREOE (P>0104%) k% KRy

T 2ERABORABESR T TORMERY - h 0¥
BT EOTFDIEE S &b & 65 keg/mm? &5,
Z£ZT, (8)RK, (MRKIT(8)RDEnffic 83
kg/mm? Z ANTEET D &, kDD Fig. 3, Fig. 4
IO Fig. 5 OEBTREND X 5 BB ixo7k.



Fig. 4. Relation between K and g, which are obtained in a relationship ¢=0,+Ke in true

strain range near the maximum load in the tension test.
using the theoretical equation (7).

— 72 —

The lines are calculated

1100 % & @ & 58 &£ (1972) %8 %=
O3t ﬂ
030 o
o
\ !
029 o'g ]
\
o
028 ')
B XN\ X
027 2 : e —
x .
x N@ K '
. ® o, N
026 ~ ~C
o i 8 o
~ 025 4 ﬁé 005%P
L] . .
% Pure iron bose +C " ° - ical - £=92kg/mm?
024 & . +N 3 3 |
© ’ + Mn ' ; 010%P
o - +0 \ ™~ o
023 o . s n O — ]
® Low carbon
rimmed steel base +Q
022 . " + S
a Theoretical = £ = 83 kg/mm?
. +P
o221 —— @ Lov carbon \
rimmed sieel A \
020 ' l >~
22 24 26 28 30 32 34 36
g, (ka/mme)
Fig. 3. Relation between n values and ¢, which is obtained in a relationship ¢=04+Ke
in true strain range near the maximum load in the tension test. The lines are
calculated using the theoretical equation (6).
50 .
= Pure iron bose +C '
48 |—— & 2 +N 010%P __~
< ” + Mn —m
o g +0 % a
46 v
° *P Theoretical : £=92 k9/mm?
® L ow carbon
rimmed steel base +0O \3/
aql——
[ v +S / ‘(
o - ‘ P O05%P, Theoretical : £ = 83 X3/mm?
£ 42 @ Low carbon
E rimmed steel A -
g 4%
Z 40
X ¢ @/.
[ ]
38 *--SA-AO
ie * L~ []
. (1]
x _w® @
36 = x Ax'/ = .
o
0 o
o
34 /gdﬁ;f
32
22 24 26 28 30 32 34 36 38
4, (X9 /mmz)




MR O n BB L ETHENER 1101
15 T T
*x  Pure iron bose +C
14— a . +N
o + Mn
o] +0
_ 13— o +P
E ® |Low carbon
E . rimmed steel base + O
o 12— . +S
Z - +pP Theoretical : £ = 92 kg/mme
¢ | b @ tow carbon 010%P
x rimmed steel A - 5
T 005%P—
048 Pl
10 0 QST X > o Fg % - o .
L D7 A axxd o & @
_©_G_@f——- &)
[y
9
Theoretical : £ =83kg/mm:?
s | |
22 24 26 28 30 32 34 36 36
d, (kg/mms?)
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<$ 0604(: OIOOL}C (70% cold rolled »750%C x4hr)
22 ® Grain size controlling
! reatmen
‘ (64% cold rolled 7109 x4hr=
20 A60% cold rolled-750Cx4hr
S ) 7 8 <]

2% (mnit)

Fig. 10.(a) Relation between ¢y and the minus one
half power of average grain diameter
in the usual treatment and the grain
size controlling treatment on pure iron
base+ C samples.

032 : r y r r
l © Usual treaiment
030 N, 20004C| (70% C.R~750Cx 4hr)
© Grain size controlling
treatment

'OI IC 0023¢
" 0004C 0030C °
oa8 64% cold rolled~710Tx4hr~
001 1cRO074C (Bo% Cold rolled =750Txahy )

< 026 0o023Co 0030C,
0 0074C
024 \
N—Theoretical (£=83k/mnt
022 1 | | ]
20 22 24 26 28 30 32 34 36 38 40

g, (kg/mme)

Fig. 10.(b) Relation between n and ¢, in the usual
treatment and the grain size controlling
treatment on pure iron base + C samples.

TR —SOFRENRRD BN S, 0°0749%C OB HE L
A & RS D BEGIAR D St S FAMIE 5 B % Photo. |
Rt

o 3B E AERA & SR AMERAL O BERTR O % Fig. 12 it
B—JGn L OREHBDHLNS.

3.4.4 ODHPE

Fig. 2 C/REND X 91T, EEED n{E~DOE DL
RVEHERRSFRE Y & FEKSRETE L RLD, 7
FZIXOENHEIMLTH n {HIZITLAEEL LIV, %
FHWXOFoMind L bz n {HREECETT 5.

LA, TOMEMNRIZEALREERA LTOET
HBHZEX Fig. 8 TIRENB LB HTHD.

Zhid, OD7 =54 r(ADEIBENITLA LKL,
REAEDERILME LTHRET BT EPLEXTYART
HbHEEZDLNS.

3.4.5 SoiHE

Fig. 8 CRENB X5, SD dog ~DERIT/IX
V. Zhd, SO7 254 bADFHIBTORSIENSIEY
NSV EPLHERTHDLEEXISNS.

© Usual treatment '
(70% cold rolled ~750°C x 4 hr)
| * Grain size controlling
ireatment
(64% cold rolled - 710°C x4hr-)
60% cold rolled =750°C x 4 hr

a4 (k9/mme)
n

| Y
f

[+]
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Ot—-=¢
(o} 00l 002 003 004 005 008 007 008
Increase of carbon content {wi%)

Fig. 11. Relation between increase of carbon content,
and 4dg, which is true effect of carbon
content eliminating the effect of grain size
in ¢y on pure iron base+C samples in the
usual treatment and the grain size control-

ling treatment.
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(a) usual treatment
(70% cold rolled—750°C % 4 hr)
(b) pgrain size controlling treatment
(6493 cold rolled—710°C x4 hr—,)
60294 cold rolled—750°C < 4 hr

Photo. 1. Microstructures of the pure iron base+
0-074¢9,C sample in the usual treatment
and the grain size controlling treatment.

3.4.6 Poi)E

Fig. 8 TRENB L5, dog ~D P OEEIIEE
WWKEL, MRS RTIE P 0019% Y7-b dog 35
1 kg/mm? DL 5.
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Grain size controlling

|
Usual treatment treatment

\ — 750°C x 4 hr = 710%C X 4hr >
60% cold rolled
= 750°C x 4 hr

C%

0004
-

<70% cold rolled ) ( 64% cold rolled )

60

(%)

38

- \ 3
) Wg\\\ zzis’\\s\\/ //7/;
os 22 / m\ g /4 .
NV

Percent elongation to fracture

O
[ ] 50 ﬂg /s
. ‘\\\///
e}
48 L L ] 1 ! !
L D C L D C

L : parallel to rolling direction
D : 45° to rolling direction
C : perpendicular to rolling direction

Fig. 12. The percent elongations to fracture in the

usual treatment and the grain size control-
ling treatment on pure iron base +C samples.

Lz5T, Fig. 3 TARSN5E5ic, Py 004
B EEENDE, o0 & n EOBMEE—FE DB D
ZNERIY, FL 60 OiEZR D DO—REDEKARD 7 {E
X0HphhEVeEEZRLTVS.

ZDBRE, Fig. 1 OFAFEH T TORMKEEY -
D O¥MEZT AT RN PA3EY 0:05% DFUEFT 8:8 kg/
PH§y 0°1% oRFT 9°2kg/mm2 BEOHE
RLTWHZEEBGES B EEZE2NE. X 2T,
(6)=, (7)RFBLV(8)HKD E it 9°2kg/mm? % A
NT, o EBXCKn 25t B L-ER2EDE O Fig.
3, Fig. 4 X0 Fig. 5 iR L&A, Wihd PO 1%
OB D FEBEIE & J VW FESEED B,

PIHIBETHL7 =54 bPADEIBIEMNE1°2% & k&
<®, poxo BEiEEELiED FFIERKEVWZ D RED
DOXSTHRGBEERMED D LHBI XN S.

Pit X3 B, S5IEBEKEDEVIRDME
BThEiEl S, P#H 0°15~0'20% &8 L TC5EME
40~50 kg /mm? class OO n ECWEHEOE, FE
BEOSREEAF T2 hoMEOT NS I DS
WZ EETEEELTWS

mm?2,

35 BAFEATITOUMERAERICONWTOHE
SEREBRICK VT, P:fefE, oo, ¢ E, 4:
BiEf &9 5L&, DEDOEMMBAY /=D,

P=gA - - (12)
dP=gdA+ Aco
=A(—oade+dg) -oreereeriiiiniin (13)
BAMEALATIE dP=0 X (1)RMSD L T 5.
dojde=q < eeeremee T e )

7 =54 FROGKDOERISHITH LTiE. FIRCRHM
MTTEOEESNAEL, o LAPWC(ID)RDO X > icE
HbEh5.

P ¢ 1))
(22T, ow: MLELE, o : HRLEDHFSL)
doy'/de=0 LZE25N5DOTA)RXADH L FED.

dojde=dgw/de - oemrrerioneernnienanieie (16)

Lo AT, MIELRE ow BHEICE ¢ 2 OB TIX
7w, o) DEERZTFLOT, FLLWALELT, &
ZTOEDXH>RERDLT.

Gw=M(g") - fe) svrrerrvimniiniiinn(17)

XL IhEMSTEE2EDXSICRS.

dow/de=M(gg') - f'(€) serrrrerrmresiiriniiinns (18)

33 CHMB_/cX 57 g0 & K LORBREE®EMNICE
o AhhiE, M(oy) V3 oo OBEMEEELE>TW5.
PIEBEEHANCE 2D L, o) HBEINX B LR ARLAH
WMICEL EVIINTrhOEMEEREZ A& L, /A
OEICH LCEE L D2 2R ELLEMMCIIEEA
ENHLELEFEZLND.

T, ()R~ X (IDRNITAND &, mAME
BT S>EDOEBRBPEILT 5.

M(ay')-f'(e)=M(ao") - f(e) + a0
(1) XA EARCHAT 2L 2EDL SR D.

M(a,) Flie)
M) Fle)
N On < 0o,
M) < M)
&, §§§
& M%WMM%:§§
MI(&) - Fler+d, %
R
n. n,
&
Fig. 13. Schematic representation to know why the

amount of work per unit volume which is
done to the maximum load, doesn’t vary
largely even in samples of different ¢,'.
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GEREDRLS 1, 2 OoFEBIOT, au<lad &
T5. ZDEE, M(oo)<M(oo) E75%5. ZTHhEHET
EMERICTRT & Fig. 13 0 X 5z, Fig. 13D o
FLAEHSOERBITEF L E WS 2 a3 1ITmN
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4. 5 El

BREAR DY, R LFER X< EKbT L vbh Ty
5 1 5 5RERIC X BT {bEK n Bic s XIETTHME
HIERNZFA~/. £ LT, SHgkRoRE Y & FHERS
FritRWT, G, N, S, Mn, O, P D&AREE n it
DEFBETN . BLIRBEREAOEDEEDTHDS.

(1) FERTAVAFBHC S WTRLFRS o
MNEILOTL, SEERBOBARIES F TORBMEKIY
Y OBHEEEEERDHETVIEDL LT, 1TF 83 kg/
mm? BETHSE. 727700, PHEL LD EIDHEITX
EL7eh, P2 O01% FT5LH 9 2keg/mm? L7g
5.
(2) =nff, IMIFE{LEK I ICREKEZFRDT g9
D, (1) 0BUERLEEEOEER & A LHXBEERS
s pDEEE & O X WGSBS b, ZOB
FEr o afEics LIETHREOZHRES IO C, N, S, Mn,
O, P o ZEUANADEENZIEY EEMTIBEI .

(3) n{HIzk XIETHE ORI

n=10/(10+g;+1-3d-1/2)
TEHLENS. ZIZT g5 BTRMMRS TR X 5BEE
EE{L7L & TH 5.

(4) #n{EZR I TANDES TROBELUSIOE
EAHRIE(2)IERTz 00 ZRALTH EDHLNDH,
HEICIEOED L S TH 5.

Mn i3, 5F3Hh3 O, S L{LETREHEZE LS
Wiz, WhPpHEE Mn mE XISHET S

NREE Mn BT X 2T OHESRKL Y, EiF Mn
BOEWIEETHRITKE V.

Criiy 0°03% BETIHRISfafT 2RA1EH5-

Std C, N, Mn 78 EIT lE_TEHRB DA .

OWE L A ESRBRD LR

(5) nfEITXT 2% POEEMNSHRIMHKTDH), R
CIsEIKEE 09 OMOIIAD nfEX D BE VA, Thid
(DR BHE EAFE LTV S,
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