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Influence of Si and Al contents and isothermal treatment condition on
the microstructure and tensile properties in ultra-high strength
Fe-0.2C-2.0Mn martensite-bainite complex phase steels

Eung Hyuk Lee, Chang Jae Yu, Hong-Bum Lee, Ji-Hoon Kim, and Dong-Woo Suh*
Graduate Institute of Ferrous Technology, Pohang University of Science and Technology Pohang 37673, Republic of Korea

Abstract: This study investigated the influence of partial replacement of Si by Al on the microstructure and
tensile properties of ultra-high strength steels with martensite-bainite complex microstructure produced by
austenitization and subsequent isothermal heat treatment around M, temperature. When the isothermal heat
treatment was done below the M, temperature, the fraction of martensite increased with the lower isothermal
temperature, but the fractions of constituent phases in the final microstructure were not significantly affected
by the partial replacement of Si by Al. Nevertheless, the increase in Al content in the complex phase steel
accelerated the bainite transformation, which is thought to be associated with the increase of the free energy
difference between FCC and BCC. The enhancement of the bainite transformation not only effectively
suppressed the martensite formation upon final cooling when the isothermal temperature was above the M,
temperature but also helped refine the final microstructure when subjected to isothermal heat treatment
below the M, temperature. The yield strengths of the investigated complex phase steels were little influenced
by the partial replacement of Si with Al, as long as the fractions of the constituent phases were comparable.
This possibly originates with the solid solution hardening and the microstructure refinement with Al addition.

(Received June 8, 2021; Accepted June 30, 2021)

Keywords: complex phase steels, martensite-bainite, isothermal heat treatment, transformation, hardening

I AT AR
flel AEAH Aol
877k AFHOR S SIek. A7
A= 1 GPa o] 2374 = 749 Az
FEdast Az

advanced high strength steels (AHSS)e] 7
2 oA Holuo]ES} miERIA|ER o] FoZ] wjA|lx

_0_
=

o1k-_t-]] )

]J— AR

19

-o13:8: MAla, £
S

*Corresponding Author: Dong-Woo Suh

[Tel: +82-54-279-9030, E-mail: dongwool @postech.ac kr]
Copyright (© The Korean Institute of Metals and Materials

R ERE]

o

PAE: A F A7

gt

, A5

Eﬁ} %M - ‘%ﬂﬂ F= gellr] L8

A2
Holfol
[11,12]. ©F=ZEIA}
m M| Zz2] o) sl

1Eﬂiw1§eﬂ;%%Qﬁwﬂﬂm =g


http://crossmark.crossref.org/dialog/?doi=10.3365/KJMM.2021.59.9.602&domain=pdf&date_stamp=2021-09-05

13 - F3A

£ Bohemen 5°] [13] 0.66C-0.69Mn-0.3Si7te] A=
ol 7]9kel MEjEE A4S 3l wolueo| ] 71Tt
3389aL, ©]F Zhao [12]5°] 0.15C 2 0.28C 7]
eartol] disl fAkeE A3E Bask vl gl o]y

2]+ one-step quenching and partitioning (Q&P)
5k 2mo] glot}t Q&P FHd oA dFed
B2 nfZ A EZRE Q AH o] ER ]
3 ezHUo|ES] S SHsh=t U=
27ye] Z3g-ells A FEeA wloluto]
3l nlERIAlOEH|o]Uo|ER o] R3] &3}
ATt HZ A7AF)] e FEyzto|

T
o

;

ne 2
2

FI#;%“ *
% = N Jo
on N Lo =

g 2
4=
o

i mlo

of
=

o ox (M = O D off o Tk
S‘EoZi
o

o

=)

I gt
T o
>
o, 2
|
mlm
o

= 4
oﬁL’
oX T
>,
SO
o

o
H
ook
r}?
B
fuj
=2
1o

2
=
o
T

(o]

i
o ofh
oX
>
N
Ir
o,
o
=2
=
e
o
jald)
oy
oftt
Lo
dz
o

o

9
e T
o X
ox N
o X O
. o [m
i

C @ Mn, Si 94, o %Oﬂ/\iE Si% =
1B7sE Yehie wa 45
102X 7 =W AA FAd E‘_J/].Z-]O] Aotk
a8 thEke] Sio] AriElE A= )
WEe ERNSER Aste] ojdwFAol »}uu}x qe
44 5 olg E4e) AHE Aom oA 3

(TRIP steel)} 72 AT~ h‘)ﬂ 34 Sp,]- e x5k g3t
£ U= )\Ei gl Al 7ol tig A7 ol
ZgElo] itk [25-27]. vt wlo|upo] EL} mi=EIALe]E
= o901 2ags BRI DL A

Si A &3l disl B3 wb B et w2
Oﬂ%owh QA7 1 GPa oS Uehle 277w )
ool E whz el B BazA7)] oI Sizk Al B

I g 27lo] e AN & WSl vX=
o:lsk._ 7@ akxqi H/ﬂo L

o] polof| WE 71A1H 54
Yzt ﬁc}%tﬁﬂ% 7454 1

)-O
it =
B
f
ot
)
o
Fﬂ
fo
Ol
!
3
b

ZI7=
S ES ohoq %M e G Az L
A} shsic.
2. AE W

& 190 YeEREE
wt.%, Mn 2.0wt% = 7|9le g &
1.55S1 =2 Si gHo] 1.55 wt.% o™

o FW AAE - AES 603

Table 1. Chemical composition of investigated alloys (wt.%) with
Ac; and M, temperature (°C).

C Mn Si Al N Az M
1.55Si 02 20 155 - 0.002 88 400
0.77Si-0.76A1 02 2.0 0.77 0.76 0.002 940 397

Austenitization for 30 min.
1.55Si: 900 °C
0.77Si-0.76Al: 950 °C

Isothermal heat treatment for 10 min.

Temperature

Time

Fig. 1. Schematic diagram of heat treatment for cold-rolled alloys.
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Fig. 3. SEM micrographs of alloys after heat treatment.
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Fig. 2. Microstructure of as-quenched alloys after austenitization.



Fig. 4. TEM microstructure of (a) 1.55Si and (b) 0.77Si-0.76Al alloys subjected to isothermal treatment at 380 °C.

ol AR EERl FEAAY A8 HUtskTh A
thie 2 FAEE mARAE 7 22HUolE A4 2
7, £5, Y2 o|FofA= ATH FXE U=
olFollA AR of5tdto] 15° o]l AW F+ 2
HuelE 24y e 3l 558 S5 AHe=
gdHA QU wEh 2 Aol BAE faddy T
= 7 LZHYelE AYPA 2 A EES S
Ae 25 pEsk] Hrie 249 g & 4 ok
a3 5o & F o] FEHL LT WoldaE F
BAARY 77t AHAF gaste] 24 vAs @9t e
FS g 4 ek FE M &% olslol|A] FdH
g 3h= A9ol= 0.77Si-0.76A1 Eo] 1.558i F=rTh
Mg 224 Y 2715 JERAAIR, M, 2% olde] &

2dAg)e] AolE 1.5581 T2 fFadAgol B} n)
Attt

Ui FedxE 2o wE AN BeS A%
Aoz wotsly] fl8l AWF AsS AT 13 6
© 1.55S8i9} 0.77Si-0.76A1 F=ol s @ LHLUo]E3}
A F Wiy, A 2 5 WA
SAe A% 348 JERiTh

G2l 227 420°C 24 M, % o]l 7ol
T 3 25 gedgexss Yzkshe gl Abder)
AYEEA] ekokom el 2ol 108 FAI3ks &<t
Holuo|E Hel2 st Msigo] A=), TSk 1.55Si
e FHEAE § 5 WA F1E < A
F AsS WgstAl JERHAL et o3l WouelE

o o

o]

rl

R
R

o

0.77Si-0.76Al

6
— -® -155Sj L
- E | -e-077si0.76Al ’
€ /m
2 4
5 7
c 7
— ‘T 4 ',
% o L7
2 o <
- = - - <
8 oo o«
=
W (b)
300 340 380 420

Isothermal temperature (°C)

111

A

001 101

Fig. 5. (a) Orientation maps and (b) effective grain size of heat-treated alloys.
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Fig. 6. Dilatation curves upon cooling after austenitization, isothermal holding and subsequent final cooling. (a) 1.55Si and (b) 0.77Si-

0.76Al alloys.
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Fig. 7. A schematic diagram showing dilatometric analysis to
determine martensite and bainite fraction.
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Fig. 8. Constituent phase fractions of heat-treated alloys. (a) 1.55Si and (b) 0.77Si-0.76Al alloys.
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Fig. 9. XRD profiles of heat-treated alloys. (a) 1.55Si and (b) 0.77Si-0.76Al alloys. (Austenite peaks are indicated with arrows)
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Table 2. Friction stress and Hall-Petch Coeftficient of investigated

alloys
oy (MPa) k,(MPa/um™"?)
1.558i 283 997
0.77Si-0.76Al 253 997
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Fig. 13. (a) Free energy change associated with FCC to BCC structure change and (b) specimen length change of 1.55Si and 0.77Si-0.76Al

alloys during isothermal holding.
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