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ABSTRACT A low carbon steel containing Cu addition was treated by Q&P process using a CAS–
200 continuous annealing simulator. The microstructure of the steel was characterized by means of
SEM, EBSD, XRD and TEM and its mechanical properties were investigated by tensile testing at room
temperature. Cu–rich precipitates formed during the Q&P process were observed as spherical particles
in martensitic laths and are 9 nm to 20 nm in diameter. According to the Orowan mechanism, those
fine particles may have a contribution to the yield strength of the steel about 134 MPa. Also observed
are three different morphologies of the retained austenite phase in the test steel, i.e. thin film–like, fine
granular and blocky, formed at different locations. The test steel has a good comprehensive mechanical
properties, of which the product of tensile strength and elongation, the tensile strength and the total
elongation are as high as 21.2 GPa·%, 1326 MPa and 16%, respectively. The excellent combined
properties can be attributed to the effect of transformation induced plasticity (TRIP) caused by the
retained austenite.
KEY WORDS Q&P process, retained austenite, Cu–rich particle, product of tensile strength and

elongation
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TRIP ('*3, 5'%#%&53/234 (Mf) ()

!3-3406.341, *#%&/! C '.3+(

/*56$,%%&, 237$,%%&!&4540+
-., )67,5&6)+4068(./,., 7#%&

0$,%%&95!5:34. 638341'8-"
;0, 786'* – *5 (quenching and partitioning,

Q&P) '8, 7;970:2#$&;. <<*#%&

((8 TRIP (79, :2 Q&P '841-=&='

)$,%%&&454, >6'5&)+4!8995:

8!(,. [7−12]. Q&P (:;; 10 '2, %'8;

4, .'*34 (quenching temperature, QT)<*53

4 (partitioning temperature, PT) 0*59< (par-

titioning time, tp) .>34!?<, *(,"/0!9

7 [12−14]. <689, > Q&P (!34=9/:==1,

.?>#%&Æ59<>8, ?#%&563/'*#%

& (M1) 0@/'*#%& (M2)[15]. 6>, A1>@

;' Q&P '8!+,112-?)/'@*B0!3

41./ [16−18], . Q–P–T(quenching–partitioning-

tempering), Q&T(P)(quenching and tempering–

associated partitioning) ..

#"974A''85@B10(<556A)>
Q&P (06*=&A?, *>-.C37'8, (>B
@47,$,%%&, (8.CCD.3*5+(/#%
&-&+4!ABD&&E8!CDE/. F97A?0

Cu .6 Q&P (!BECC, D7%' Q&P (/!.
2, '34=90.-FG-?)?1ED'8;4>F
Cu Q&P (340.-!?<.

1 @�AB

FD(!1@55 (CG54, %) 6: C 0.20, Si

1.52, Mn 1.51, Ni 0.33, Mo 0.27, Cu 0.64, Ti 0.03,

B 0.0032, Al 0.025, S 0.006, P 0.010, Fe ,G. *2

DHG:8EIFD(, J05(H, 3I5 60 mm J

H9, "3)2 φ450 K:G?D3FL, ( 9 I/F6
4.5 mm, HM6H3, I3'MFL)F6G 1.1 mm, 5

JN5 500 mm×70 mm !K(?H. *2 CAS–200K

(OIJ*FDL, >)KK(?H06 Q&P 41, 5

&'85@6: ??H( 10 L/s !L;E36 1000 L,

M3 180 s 3, ( 40 L/s !L;M<6 350 0 300 L,

5NM3 10, 100 0 300 s, 5( 40 L/s !L;M<6
H3.

)KK(?HP3=OM!&Q775R7 (OM)<

N>KS (TEM)<X >OJ> (XRD) 0T@U??

H. R7?H(9@AL3, 2&4546 2% !KP

VWBLXQ, )2 JEOL JXA–8530F P%>KEE
F (EPMA) 0 Zeiss Ultra 55 P%>CDKS (SEM)

0634:Q. KER$>J> (EBSD) 5R/'MC

DKS)06, ELKM6 20 kV, ST6 0.1 μm, :

2 HKL CHANNEL5 EY064>:,05R. EBSD

HF:2KCAL41, KCL*96VWU)GPUS

=13 U 2 U 1(&49), KCALKM6 25 V, KH6

0.9—1.3 A, AL9<6 20—30 s. TEM ?H:2L

NZV6 0.05 mm, "3')GP0.SOW!NQL

/06KCTIZV, *2 FEI Tecnai G2F20S–TWIN

PP%>N>KS (TEM) 0634:Q. XRD ?HU

(JG9@35(KCAL, ' D/max2400 X >OJ>

Q), *2 CuKα O>G-?H/$,%%&!&45
4, R2;46: KM 50 kV, KH 150 mA, ST 0.02◦,
CD[4PV 40◦—120◦. 4>41!./WRS%%&
(200) 0 (220) 2 XJ>O, (8#%& (200) 0 (211)

2 XJ>O, G->:!J>[ 2θ 045+4 I, %%&

!\QX4K(7J>RMHK-, 5?>G (1)[19] A

Y@$,%%&/! C FG:

aγ = 0.3556+0.00453xC+0.000095xMn+0.00056xAl

(1)

G/, aγ 6%%&!\QX4; xC, xMn 0 xAl 5N6

%%&/ C, Mn 0 Al !CG54.

T@U??HYI GB/T228–2010ZRZ&QU?

?D[E', \]6 25 mm, U?FD'H306. 6>

9U?!3$,%%&&454!31, '^[S;_L

?H06 XRD FG.

2 @�JK

2.1 ��L�
FD((>8 Q&P 3413! SEM T.\ 1 ]

Æ. K(:Q", 2 <>834! 10 s *5?H!#%

&HXP])=MNO2!^9 (.\ 1a 0 d); 6^*

59<UE" 100 0 300 s 9, #%&34<*53^
9_M, HX`1<`PN%a<T. bc [20] Q6, #

%&HX!`P_>6<*53>, D<*5+(/#%
&/%%&!7aRSV&;. NO, *59<WT*#%

&ÆT:=)'*#%&0<*#%&53.

)2CDKS! InLens \T, K(Udb"#%&

HX1OR@cE!ÆT, .\ 2 /de]Æ. R@cE
]TXP, N%TQ.0V;-3R, +<#%&HX]

3-![4, fW8<R@0<-&34M`3-!M0
;g. 'X3?H! TEM :Q/, /%)3<5a'#
%&HX1O!TXPR@0, %TQG 150 nm, J4

G 20 nm, .\ 3a /de A ]S. )2 EDS 5R%),

8<R@0/5&6)! C FG, UKhG6/107.

' TEMIY/D:Q"X3<R@0, %62@'
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� 1 e� Q&P X[��Y���� SEM \

Fig.1 SEM images of the test steel treated by quenching and partitioning (Q&P) process at PT=300f (a—c) and

350f (d—f) for tp=10 s (a, d), 100 s (b, e) and 300 s (c, f) (PT—partitioning temperature, tp—partitioning

time)

� 2 Q&P ���Zk��� InLens l\

Fig.2 InLens image of carbides in the Q&P steel

(PT=300 f, tp=300 s)

9—20 nm O<![Ægc, \$5a'#%&HX1O,

.\ 3a /de B ]S. EDS 5R%)%/! Cu FG

])--&/ Cu !OPU, ]([ÆgcR@7:M6

3<, Cu cE. bc [21,22] /5ND7*, Cu cE
'mC&(0%%&>^(/!R@+166, *]h6

VD^i"0 Cu .6 Q&P (BECC!gI, /^i

";- Cu CC' Q&P (/.2!97g[. Q&P (

!-&#%&5&6)M4!Mh, (.3Æ+(/8_
\VMh<, Cu cE!j].2?'3-(4)')
FD(!+4.

\ 46' 350L*5 300 s?H! TEMIY. )%

WPT (\ 4a) /K(b"^P!HX#%&34, HX

J4G6 400 nm, HX<6]V_P!i`7, (J>_
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� 3 Q&P ���Zk�� Cu ��� TEM \
 EDS ��

Fig.3 TEM image of carbides and the Cu–rich phase

precipitates (a) and EDS spectra of precipitates

marked as arrow A (b) and arrow B (c) in Fig.3a

(PT=350 f, tp=100 s)

HKQ8__P7!\&/96 fcc, >6K(KQ%6

$,%%&. 8_$,%%&_7`Uja_Æ' TEM

iPIY/ (\ 4b), %J4G6 100 nm. _*V_P
$,%%&, '\ 4 /D:Q"^G=`kP$,%%&
(de]ÆMH), )ÆT05aalK(K-%:6V_

P%%&%a<T6a5, K-W7- C !>Pa5a

]b5.

#")2 TEM :Q$,%%&K(bXUjaK

� 4 Q&P �������� TEM ��

Fig.4 Bright (a) and dark (b) field TEM images of the

retained austenite in the Q&P steel (PT=350 f,

tp=300 s)

-%ÆT, * TEM :Q3Æ'E`!=c106, m-

cd$,%%&!nO5aPl. 6689>?H (PT=

350 L, tp=300 s) 06* EBSD 5R. )$,%%&c

o\L05T (inverse pole figure, IPF) \/K(:Q
"/&]BkP!$,%%&, .\ 5 /de]Æ. 5?

KichuchiOCG (image quality, IQ) \<$,%%&!

co\7/d, K(:Q"$,%%&We5a'#%&
HXO<<#%&=ckf0g%%&\aMH, 6N'

83g%%&\c/!$,%%&5&;n78!\&
L0, 8< Santofimia . [13] :Q"!)178.

2.2 XÆ Y
= 1 ]Æ6FD((>8 Q&P '8413!T@

.-S\. %/( 300 L*5 300 s 3!+(.>8,

+(4l" 21.2 GPa·%, pU+46 1326 MPa, W

?; 16.0%, 6( 300 L*5 100 s 3+(4/O, 6

20.9 GPa·%, %pU+4 1412 MPa, W?; 14.8%. )

=/K(b@, I?*59<!UE, pU+4]Bm!



� 8 � T ib : V Cu cj� Q&P WXde�'ÆYZZ��fe 9211

� 5 EBSD ��� Kichuchi �Z�lh�����eql
bin\l

Fig.5 Combined image quality map and inverse pole figure

(inset) of the retained austenite by EBSD analysis

(PT=350 f, tp=300 s)

Vo, 6W?;<:='), 89=9&Q[d.-!+
(4I*59<UE/:='). +4Bm0W?;')

!g>, 3WI*59<!WT#%&-&!<f.2`
EW_, '6+(/g%aMhM4Bm, \&cpZ^

.31; @W, C *5*$,%%&7UE, % TRIP =

:')*&Q!(..

\ 6a 0 b 5N6*5346 350 L!?H'U?

3Æ!3! XRD d. K(b"(+(.3ÆO3, %%

&J>RUW_Bm, fW$,%%&'3Æ+(/O5
536#%&. )K XRD d!-G5R/hÆ-\ 7a

/. Ki, ' 350 L*5 10, 100 0 300 s 3!?H'U

?+(/5N& 66.7%, 51.7%0 50.8%!$,%%&7

536#%&, fWI? C *59<!WT, $,%%&

/! C FG8%+-.P,"'). C *59<>$,

%%& C FG!?<Æ-\ 7b. >9\ 7a, K\ C F

G)!$,%%&5&6)!LN+-., '(.3Æ+

(/>j%a73, 7c C FGm!$,%%&+-.

7>6o, `ej'(.3Æ+(/%a#%&73.

] 1 qki Q&P prqslmf
Table 1 Mechanical properties of the test steel treated after different Q&P processes

PT, f tp, s Rp0.2, MPa Rm, MPa A, % Rm·A, GPa·%
300 10 990 1423 12.5 17.8

100 984 1412 14.8 20.9

300 939 1326 16.0 21.2

350 10 964 1516 10.5 15.9

100 940 1319 13.6 17.9

300 953 1304 14.9 19.4

Note: Rp0.2—yield strength, Rm—tensile strength, A—elongation, Rm·A—product of tensile strength and

elongation

� 6 e� Q&P X[rn�	gY XRD h

Fig.6 XRD spectra of the samples with quenching and partitioning

(a) before tension (b) after tension
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� 7 ��������s
 C 	�ti��t��Z

Fig.7 Volume fraction of retained austenite (a) and av-

erage C concentration (b) vs tp in the retained

austenite (QT—quenching temperature)

3 ^!"_
3.1 `a#bcdefg$hi%ajcg$hi%&

C klm'(
(/>n$,%%&&4540$,%%&/! C

FGW7 Q&P '8+(/]%a! C )#%&0u5
3%%&!+$(4D-!, 4jvXQ6 C !+$L

;ou, C '#%&0%%&O<!*5w5!orj,

(/$,%%&&4540$,%%&/! C FGvo

), *W\ 7 !FD4><k@*>8!/7. \ 7a Æ

@!W>8*534A$,%%&&454I*59<

!31. K(b@, ^*5346 300 L9, ?H(+

10 s *5$,%%&&454l" 6.4%, 63I?*5
9<WT, Uk&UE, O3p:=Z`, ' 100 0 300 s

95N6 6.6% 0 5.4%; ^*5346 350 L9, I?
*59<!UE$,%%&&454`IUE, (+ 10,

100 0 300 s *5q/," 3.6%, 5.8% 0 6.5% !$,

%%&. \ 7b ]Æ6'>8*534A$,%%& C F

GI*59<!31. K(b@, ' 300 L9$,%%&

C FG' 10 s 9l">BU, 6332" 300 s, C FG

!31>B; 6^*5346 350 L9, wl C !+$

L;6 300 L9gW_'), *$,%%&/ C gE+

&&`u!,, (< 350 L*5 10 s ?H79), 6WI

?*59<WT C FG`IUE, ' 100 s O3s:=
t+%' 300 L9!>:U. >6, $,%%&&45

48 C FG!FD/hmcd@*534' 300 L96

350L9 C *5!L;`), 6'6)!*534A#"

C +$!L;UE, * C *5!o&+(<7WT. uR
83FD/h!K-g>O3W, C *5&xO!_53
4!>8.

?>\ 8 k@!lrPOK(K-, FD(7'*

" 300 L9, 3/'*#%& (M1) 0u53%%&&
4545N6 90.4% 0 9.6%, 7'*" 350 L9, 2 ;
!&4545N6 48.3% 0 51.7%. '*5+(/ C

gE'n7W M1, C gEx-7Wu53%%&. '7

'*" 300 L?H/, M1 !&454]B-u53%
%&, 67'*" 350 L?H/, M1 0u53%%&!
&454-F7., 8vb5!;K(`eja) M1 /
uL7,p=! C gE, 7c3;ste`T!9<s
-,,`&! C gE. 8Cy*\ 7 /k@! 350 L

*5?H/$,%%&&4540$,%%& C FGI

*59<WT6UE!FD)1. X3oK-!g>W,

*5+(/>6 Fe gE3ypb5!#%&/%%&7

aR!Vq. Santofimia . [23] '>;%=! C *5

qT@17AY/, z6 Fe gEVq!yp-' 140—

180 kJ/mol O<, /h_ÆI?#%&/%%&7aR0

%%&/!hV, %%&/! C FGg,"03S,,.

>6#%&/%%&aR!VqLD- Fe gE!3yp,

%' 350 L!SVL;?_M)-' 300 L!SVL;,

>6' 350 L*5 300 s !?H/]G,!6)!$,
%%& C FG (\ 7b) K-W*5+(/#%&/%%&

7aRSV]um!%%& C ,,b5!.

3.2 q Cu r)sbt*luva+
?>2@7cE<Mh!7].2, R@+156

� 8 ���{n���������ovp�
Fig.8 Thermal dilatation curve around the martensitic

transformation temperature of the test steel
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2 <>8!L7: Mhq+2@7gc+rAMhr!

Orowan L70Mhs+2@7!s+L7. ^2@7g

c6>K3Ægc9, R@+1- Orowan L737. 6

9, Mhwq!swxT (P–N T) K7AG [24] AY:

τp =
Gb

2πK
× f1/2

(0.854− 1.2f1/2)d
ln(

1.2d

2b
) (2)

G/, G 6NstG, >-#%&2f G LU
78.74 GPa[25]; b 6 BurgerszGt, b=0.25 nm; d 6g

c!2@; K 6X4 (uz6]&MhP6ÆPMh, s

K=1); f 6R@7!&454, )2 Thermo–Calc3T

@tvEYAY,"FFD(/, Cu cE!&454 f

6 0.005688.

^2@7gc6K3Ægc9, R@+1-s317

37. (m&Q/>1e!+1=:2y-tQ:3+1
01@+1, 2;!=N'-R@7<-&!h*(4. z

6F97/!, CucE0#%&-&!7aR-Wu0
8.!, sYAG [24] AYh*4:

δ =

∣
∣
∣
∣

aCu − aα
aCu

∣
∣
∣
∣

(3)

G/, aCu 6, Cu cE!\QX4 (z6%< Cu !\

QX4 0.3615 nm 78); aα 6#%&!\QX4 (?>

!b XRD dAYw,6 0.28658 nm), )2AG [24] A

YtQ:3G:

e = δ[
2

1 + (1/4δ2)
− ln(2δ)] (4)

,"!tQ:3G e=0.38783, ]B-xatQ:3U
0.015—0.033[24], U.hMh(s+L7+19, We!
5:L7W1@+1.2. Olson[26] ,"!;gG6:

τp =
1.1√
2AG

× γ3/2

b2
d1/2f1/2 (5)

G/, A= 1
2πK ln d

2b , 6MhOxTv4; γ 62@7<-

&!aR-, L 0.5 J/m2.

yG (2) < (5) 7.KwC@ 2 <+1L75w!
xa5wvw dc 6 5.6 nm. 67 TEM IY (\ 3a)

K-FD(/, Cu cE!OP2@6 16 nm, ](:

:2Mhq+R@cE! Orowan L706AY. U?

>G (2) w,7, Cu cE.2xa! P–N T τp 6

67 MPa. u0 Schmid M7>E M , >- bcc ! Fe, M

x;- 2, s)2AG [24] K(?\&/Mh\V!sw
xT7s:T τp 5w6z:T:

Y Sp = Mτp (6)

G/, Y Sp Æ617zx+4U, 6 134 MPa. 8fW^

, Cu cE!2@6 16 nm, (/ Cu BEG6 0.64%

9, %> Q&P (zx+4!ycGKl 134 MPa. t

e+z!W, )KAY/]:2!&{T@03T@;4
P617{YU, >6:M0AY/h.6-.S\2:
2. wl.6, , Cu cE' Q&P (/!y|+1.2
/:M,"1,.

4 J_
(1) FD(/$,%%&&V_P<`gcP0B

kPÆT. V_P0`gcP$,%%&We5a'#
%&HXO<, 6BkP$,%%&We5a'#%&=
cja0g%%&\a4; V_P$,%%&J4G6
100 nm, `gcP$,%%&K-W7-V_P%%&
%aT{b5.

(2) I?*59<!UE, FD(!pU+4]Bm

!Vo,W?;0+(4s:='). ( 300L*5 300 s

3?H![dT@.->8, +(4l" 21.2 GPa·%,p

U+4l" 1326 MPa, W?; 16.0%.

(3) '( Q&P 413!F Cu FD(/:Q",
Cu cER@7, %&]y[Æ, 2@ 9—20 nm, \$

5a'#%&HX1O. ?> Orowan L7, 17AY

@MR@7>FD(!+4ycG6 134 MPa. 89D

'#%&HX1O:Q"3<XP/10, %TQ.0G
150 nm, J4G 20 nm.
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