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Effects of Steel Chemistry and Processing Factors on the Mechanical
Properties of As-hot-rolled Dual Phase Steels

Takashi FURUKAWA, Mitsuru TANINO, Hirofumi MORIKAWA, and Michio ENDO

Synopsis:

As-hot-rolled, ferrite-martensite dual-phese steels of rather simple chemistry can be produced by
“DPR Process” which uses a low finish rolling temperature and a very low coiling temperature.
Laboratory DPR experiments have been carried out using C-Mn steels and these with Cr or Si additions,
to examine the effects of alloying and processing factors on the structure and mechanical properties of
the processed steels. Major results obtained are as follows:

(1) To attain a sufficiently low yield-to-tensile strength ratio, the final finish pass temperature
should be at about Ar, point which varies depending on the chemistry, so as to bring about early phase
separation of alpha from gamma before cooling starts. The coiling after a rapid cooling should be
done at a temperature lower than about 200°C, almost regardless of the steel composition, to suppress
auto-tempering of the transformed martensite and aging of the ferrite.

(2) Both Cr and Si additions enhance the hardenability of partitioned austenite, allowing a slower
cooling rate to obtain martensite phases. However, Cr addition is prone to hinder the early phase
separation, making the gamma-to-alpha transformation sluggish. Si addition accelerates the phase
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separation so that a wide range of finishing temperature is available.
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Fig. 1. Schematic description of DPR process with imaginary CGT diagrams.
@qci * acicular a, rgep : separated y after partial transformation to a, 7p : retained 7.
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Table 1. Chemical composition of steels (wt%).

Type Nominal C Si Mn g S Al Cr

C-Mn 1 Mn 0.060 <0.01 0.98 0.003 0.004 0.03] —
1.2Mn 0.062 <0.01 1.19 0.003 0.004 0.027 —
l.4Mn 0.061 <0.0l1 1.38 0.004 0.005 0.030 —
1.7Mn  0.063 <0.01 1.71 0.003 0.005 0.028 -——

C-Mn-Cr 0 Cr 0.061 <0.01
0.1Cr  0.061 <0.01
0.3Cr  0.060 <0.01

.38 0.004 0.005 0.030 —
.39 0.003 0.005 0.030 0.11
.40 0.003 0.004 0.024 0.31

C-5i-Mn 0 Si 0.061 <0.01
0.5 8i 0.062 0.49
0.7Si 0.069 0.71

.38 0.004 0.005 0.030 —
.39 0.002 0.004 0.029 —
.42 0.003 0.004 0.029 —
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Fig. 2. Schematic representation of DPR process
experiments, (a) standard, (b) with coiling simu-
lation, and (c) with various cooling.

& woter mist cooling

RESERER L.

3. R BB B

31 ffEFEE FT) LHRBAMEOEE

3-1-1 C-Mn %2

FT BmotEoBttY Fig. 3 wxid (Fig. 2
(a)DBEEE). BRI (YS/TS) %f@/ic$5 FT 3,
—%ECHE (0.06%) 12T Mn BERAC SO TETTS.
EREREE (YS/TS<0.6) #1851z, X% 1.4% LU
£D Mn BPRECTHB. i bhichHgHC Fig. |
(B)D 7sep B @aei D/ — XFWTT o FFIRwE
FTHRIL, PEEELUEDO Mo BERNER T LT MRT
HEh5,

ik E (TS) 1, FT EHx LK ®E % x
T BEREE (YS) 1, L& FT fijcHikT 5.

— 198 —



#IE % ¥ Dual Phase RO BB B S I E TR B IV IREROEE 1325

o8

0.06%C |1~17% Mn

1.0%Mn
1.2%Mn
}.4%Mn
1.7%Mn

H—

8

YS, TS MPa
8

8
<}
7

300

20

U-El

U-EI, T-El %

2 { 1 L

726 740 760 780 800 820 840
Finishing Temperature (FT) °C

Fig. 3. Mechanical properties of C-Mn DPR

processed steels as a function of finishing temper-

ature.
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Fig. 4. Equi-YS/TS curves for varicus Mn con-
tents and finishing temperatures.
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Fig. 5. Mechanical properties of C~Cr-Mn DPR
processed steels as a function of finishing temper-
ature.
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Fig. 6. Equi-YS8/TS curves for various Cr con-
tents and finishing temperatures.

THREMNLDTHRL B, T, C Hine Xy TS @
FT kEMHMETT52, & FT fiico YS bk
Eich.

T-EL 3 L8 U-EL 12, ~— ATl EE/IME
wEX ZREI D IPRPEVCFT R TESHE— 2%
T, Cr fiinc X b, BRIy ENEes FT 2T
FEROECKS.

Fig. 6 i3, Cr f& FT L wcBA# DT RS R
THoTC, BREOFIZ, EINTRETRE L Arg
RIZRLIEDIR2PT S,

3-1.3 C-Si-Mn %40

0.06%C, 1.4%Mn O~<— 2L, Zhiz Si ZEM
LicRofsEs Fig. 7 wiRd. SifHmimc X v, {EEKR
Hx bz s FT @ERELLBASHh, TS © FT {&

— 199 —



1326 # r 47

% 68 4

= (1982) 159 &

FHEDIEZEAL LB, R—APTOKE T ik L
T, Si ks TS ¥ dhsbb$ T-EL, U
-EL % fervig & A Eigv. BBRREEB/IMER 5. % 5 FT
SHTHETRE S Hc Xy TS 3 EL it
KT 5.

Si Ji & FT Lwdi-sii- Sk hisd Fig. 8
7. SR o TERRIEY 52 5 FT {Gis

0.06%C 0~07%Si 1.4%Mn

08
mO.T Q
[ AN
~ \,\
Vos N A
> - I .
> - c—
05 \:&\‘“-éxg-.—_—a:_'--———— —
o 0%s
: 8%
700 o e 2
. — v o T,
o -~—‘———-'——-;————-‘— —————————— *
Qasoor-
= \H“—o\\—/ﬂ
[0 TS 1
2 s00]
¢ N

300}
x> T-El
3 .
— | o—e* TEITTT ",
O 20 Tm—-e g
s == S 5
Wit U-El 4
o }

7‘;0 7&0 7‘80 E;)O &0 840 860 BBO 3;0
Finishing Temperature (FT) °C

Fig. 7. Mechanical properties of C-Si-Mn DPR

processed steels as a function of finishing temper-

ature.
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Fig. 8. Equi-YS/TS curves for various Si contents
and finishing temperatures.
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Photo. 1.

Optical microstructural variation with changes in finishing temperature.
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Photo. 3. Transmission electron micrograph of
ferrite-substructure found in a steel finished at a
low temperature.
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Photo. 4. Transmission electron micrographs of
0.069C-1.49,Mn DPR processed steel ceiled at
rocom temperature (upper, a and b) or at 300°C
(lower, ¢ and d). a and c : martensite, b and d :
ferrite.
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Fig. 10. Mechanical properties of DPR processed
steels as a function of ccoling rate after finishing.

— 202 —



#IE % = Dual Phase fifi 0 MMM EICS IE TR S ICIRERORZH

1329

% e B ORI BhE A O R4 Y-EL 2T A & E L
LhBDT, AFEEOCEVHE O Y-EL 0F41,
o HEORRERLT WA, Cr 720 Si OFMEAT
i3, YS B/MERE % HEHEES Mn B L b K
, THOBA®IHEShIZ EERL T3,

TR 5

41 BH2EFMOERM

e Ary X o d+oE- FT AL TS, #
W% Ary SRBORE I THRAELT roa X% —if
X Has T, DPR 7o v R
Bt liigshs COFHROZUMYERNT B

¥, DX DEBREITo, 1.4%Mn OMIKE (0.065%

C, 1.439%Mn) #Fi\C, Fig. 2 &R LcBETRRK
X v, FT % 900°C (r fHI) &5\ & 770°C (&fnT
REED Arg B) & L, F0HBOBSFMEE LT (T
bbflic OREN D) Mg L. Fig. 11 ©xofiR%y
R RS EIGERE X R EL L FT 770°C 0%
HOFMRYI L, KARERC b 5 THERE R I % &
b, EMED S D, WEBIRRE 700°C wE R,
WFho FT 0oB4THIERSOBROMECS .
52 HYHAEEHE LER T, MRbmiRE 750
°C pg, FT 770°C 755 A8 o 28 bR 5
73, FT 900°C Cit~<=4 +4 bizig>T L% 5. FT 900
°C %3 2oTLTH7AH a %2B5IL, HEHETT,

006 %C  1.4%Mn

® finished gt 200°C

Qfinished at 770°C

ecor 0,/f___9:—‘—-0——0- TS

& Bl TR
Z oot
"
k- 400, YS
R e
v ® -0
. ‘o———ﬁ';c’y

300t

. } + +
i -0—‘.\—-‘.‘)—()‘_0~
] .~ T-E!
i RNy U-El
' = ——— — -
5 o) .- -

Qil Quenching Stort Temperature °C

" " ...®

% % 36 23 )
3‘3 2‘5 |‘5 3
After - Finish Delkay Time s

o}

Fig. 11. Effect of after-finish delay time, or
quenching temperature, on mechanical properties
of a C-Mn steel finished at 900°C or at 770°C.
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Photo, 5. Transmission electron micrographs showing the presence of retained austenite
films between the martensite laths (0.069,C-0.79,5i-1.49,Mn, FT 820°C).
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Fig. 12. Relation between the second phase volume
fraction and finishing temperature for various steels.
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Table 2. Estimated martensite strengths on the
basis of “rule of mixtures”.

Steel oMPa ooMPa Vg, 1—-V,r ¢q'MPa

0.06% C-1.4% Mn 560 368 0.18 0.82 1435
0.06% C-1.4% Mn-0.3% Cr 640 368 0.32 0.68 1218
0.06% C-0.7% Si-1.4% Mn 680 437 0.20 0.80 1652

6=0q(1=V4/)+0,'Var, where ¢ : TS of the specimen, gq : TS of
ferrite*;, V,r: observed volume fraction of martensite, g’ :
calculated TS of martensite.

* estimated on the basis of empirical solid solution hardening
formula; TS (MPa)=270+441 (%C)+64 (%Mn)+98 (%5i) in
which C% was assumed to be 0.02% considering phase separa-
tion.
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Fig. 13. Tensile strength vs. total elongation plots
for DPR processed steels.
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