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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 A5, FAEHD IR RRE (M) UL
B — WA TSR AL T, S Rkt C SRR
FHHL > EIRAR PLICHR, AR FRAR IR A AR BB
SEPE, INTTARAS B 3 s AR I v /0, e S IRfk
MERA B IREW B RAR. HEX—0E TEZF
e, B K — Bi4r (quenching and partitioning,
Q&P) TZ, MRBFRMMH) ZIFRE.  HREAS KA
WLL K TRIP #AHL, R Q&P L&A a4 %R
ERAR B , HIAE BA R R AR e R R
e 712 Q&P SiMIthE 10 48k, KT %
B, kIR (quenching temperature, QT), Bi/riE
F (partitioning temperature, PT) FIEC4rHtE (par-
titioning time, ¢,) SFXTHLRFEN, CLREFRAIHE
g 121 SRR, 3 QOGP SR AL KRB A,
TR S DRAATE FC S T AN T, K S PR A — IR K B IR
f (ML) fIZREADRA (M2)IP] gesh, Epash
FHE Q&P LZERRFALE TR F 4R T o py
ab3E g 16181 41 Q-P-T(quenchingpartitioning-
tempering), Q&T(P)(quenching and tempering—
associated partitioning) Z.

BARBFR A ATE L Z AT NI R 4 5 1 Bxd
Q&P WiHFAT T L 2R, (HXTFanfi#ss L2, sk
PR BEARAF R AR BIRIR, DL R AT MESER R L i T S IR
PRFERR B T BRI BA AR iR . AR 2IKE
Cu 1B Q&P WRFMTE, WHAE Q&P HWH ik
H, FEHLRAEAERBRINFER - & R L2280 &
Cu Q&P WAL FIERER .

1 ERFE

TMALE RS (RESE, %) A 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 £&H&. {#iH
FLAS N ARSI, DA s, PV 60 mm &
B, SRIGFIH 0450 AT RIRB AL, 2 9 BERILE
4.5 mm, FREEHR, BEERHN EEEY 1.1 mm, &
FBTAL 500 mm x 70 mm FAHFAIREE. {#H CAS-200 #f
BESER AR, X BRI T Q&P AbF, B
WL ZAEH : FkEELL 10 C/s BB MAE 1000 C,
fRif 180 s )5, Dh 40 C/s MBAE¥RHIZ 350 #l 300 C,
Syt 10, 100 A1 300 s, FELL 40 C/s RIHEFERHE
EiR.

R AR R DXL A AR B i R A (OM),
FHHEE (TEM), X S5 (XRD) Ml f2h ik
e SHRBEEFEIYCE, HERSER 2% MR
PREEWIR M, FIH JEOL JXA-8530F & & T
£ (EPMA) fl Zeiss Ultra 55 & 8t H4% (SEM)

HATHL L. HTEHUHAT (EBSD) St e
g EdEAT, B ES 20 kV, KK 0.1 pm, %k
| HKL CHANNELS #3780 R /1 4047, EBSD
B R BRI GAD TR, AT O  RAR K
=13 2 © 1(FRM), BEENEHEER 25 V, Bk
0.9—1.3 A, #YeEtE K 2030 s. TEM kR HHL
MR ZE 0.05 mm, SR 7R AR To/K Z B il
AT EE AU DR, {8 ] FEI Tecnai G2F20S-TWIN
Rk St (TEM) #7480, XRD {FE
ZRUBTES 5 2 ARG, 76 D/max2400 X SHERATS
Uk, M CuK, SRR rh ok A BB G R A A
¥, SO BIE 50 KV, B 150 mA, £k 0.02°,
I3 VG 40°—120°. FE b HR Ay 7 e R B R Ak
(200) Al (220) 2 A&ATHTLR, DA R (200) A (211)
2 ZRATHTER, Xt RIATE A 20 FIBUMREE 1, BRI
S BT A R AT ST B A, B ()09 3
HHBARKAFH C S

ay = 0.3556 4 0.00453z¢ + 0.0000952 1y + 0.00056 a1
(1)

K, ay HEREHTEEFE 2o, ova M 2a1 72908
BCHAF C, Mn fil Al By BTESM3

FEERAPRRER I GB/T228-2010 « 4J@ Ak i
REEY L, AREEN 25 mm, RLRSCEAEEEGEAT. AxT
UL R 5 7R A B FRAAR AR B B 28 Ak, ZE B4R R AR
REERFT XRD Al

2 LIR4ER
2.1 (ARHME

FLHWMAAR Q&P #bHE)5H SEM Sk 1 fr
R ATLAMRERR], 2 FORMMRER 10 s FLiA R 5 IR
AR BN HAFEARE (B 1a F1 d); T4 HE
SyBEEHEINE] 100 F1 300 s B, DGR 4 A K EGAS
fER 3, WA, T A LERW. St [20] N, 5
PR 2% 5 T BR8] by [ K 6 AE o, R S it R 5 (R
i/ BRI AT IERA . S, Lo B AT 5 [
AT 550 32 17 AT K 5 R A [ [ 2K G R AR G 7S

AR EEER InLens EUR, 7T LAF WA 2 5 Gk
B4 A HOBL TR TE SR, il 2 SRk iR, Ak T
ERZR, BRI BT T8, A5 DRERRKE
— 5 A B, ULHHIX R H 4 5 R R R RS — e B L]
FR. R —RFEM TEM Mg, WAk —FOmED
IRAARAR 2 B K SR i 4, HoK B2y 150 nm, B
249 20 nm, @ 3a F1E7k A frdg. FH EDS 44 K 2L,
XA AR C S, BOTHEM A BRI,

£ TEM Fg | B a3 5 —Fidr 4, oV ERAE
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Fig.1 SEM images of the test steel treated by quenching and partitioning (Q&P) process at PT=300 C (a—c) and
350 C (d—f) for t,=10s (a, d), 100 s (b, €) and 300 s (c, f) (PT—partitioning temperature, t,—partitioning

time)

B2 Q&P ikt InLens EHR

Fig.2 InLens image of carbides in the Q&P steel
(PT=300 C, t,=300 s)

9—20 nm Z [RIFBIEHBRL, SRR 7L S FR AR A PO,
el 3a Hsk B frds. EDS A BLH AR Cuo &k
HE T A Cu BF{E, B BORRBURAT AR %
—FE Cu k. SCBR (21,22] SR TE Cu kT
TEGR AR R B B IR G P BT 3R T8, HieS5h
1A WEE Cu fER Q&P MIMITRAIHE, 1R
FI5TF Cu JTRAE Q&P WHIEMM B Q&P M
e o R LA B B A (2, BT i i X 2
WRAHESE Cu R THsCE R RE 2R e
FLH AT HRE.

&l 4 SH7E 350 CHi4y 300 s iAkERY TEM . AE
g% (K 4a) FATLAE BB A A A% SRR ZLER, ARsk
JEBEZ R A00 nm, A% 6] SRR E AR, A7 TE
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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 C, t,=100 s)

FETR X S ERA B SR S5 fee, BRIKATLARRIAH Y
FRARBIG. X B AR R IR RPCE 1 # R 7E TEM
REg T (18 4b), HJEEZ N 100 nm. BT EERR
FRAR I, 7EME 4 R AR AN/ N IR R B IR R
(ke R LEL), DIBSAN I A 17 0 7T AR R
AR AR S AL [RBTTT A2 B, FTRERM T C BRS04
O 16

BARMM TEM WZ5% AR B EARTT AEH T R i

4 Q&P WHERREKAER TEM B4
Fig.4 Bright (a) and dark (b) field TEM images of the
retained austenite in the Q&P steel (PT=350 C,
t,=300 s)

EHIES, (H TEM WE—RAMR/NMY X P #ETT, (6
R BFR A B AR R ARSIt etHAEE (PT=
350 C, t,=300 s) #4177 EBSD 4. MR EKIAR
W B S (inverse pole figure, IPF) [ A] LIMT%L
A BRYORAIER AR BICE, K 5 FELiR. fR
Kichuchi 8T (image quality, 1Q) F 55 ABICIAR
AL G, FTRAEE B 5% A% B G AR B A A 76 5 [k
Mk 2Z H] . B PR K300 G Al i B8 QA i AL, T HLAE
[ — i B R it e g 33 A S DA EL A AR (] A i A
B, 3X45 Santofimia 45 131 323 py B A .
2.2 JiEEiERE

£ 1 IR NERWEARF Q&P LZEAMEIEH 1%
PREFEPR.  HAZ 300 CHIS 300 s J& B3R MR AT
MEAIAE] 21.2 GPa-%, $ifimE N 1326 MPa, &
ffi% 16.0%, MiZ: 300 CHIS> 100 s FRMBARZ, N
20.9 GPa-%, HPrhiswF 1412 MPa, $EM{ZEK 14.8%.
RATLUE H, FEE AL TR BB, Prhoss BE 2 AR
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R, TR AR S, 7B RAEA R 2R & A A 3R
PR RC i (B3 I B . SR B PRI S A 1
B SR, — A B T 2 B ) A S e T [ e AR g [ 52 4 FH B
I, FEME R R SR AR LA BRI, AR BRI D
EAA; T, C ELor sk IR, H TRIP %
WA T AR B

Bl 6a Fl b 43 HHEL/MEEE R 350 CHIAFELERLH
BIwiIER XRD . WUBERISSEHEERZ )G, BIK
PARATT St AP B S0 PEAIR, U B B3 R IR AR AE A T i R e i 4
A NI RAK. ik XRD 3R E R4 RR T Ta
B AT, 7E 350 CHEE4: 10, 100 1 300 s J5 Rk EELESE
it R 66.7%, 51.7%F1 50.8% 7k A B Mk
Al I [RAK, PEHRESE C EL/riRI IE K, FRAY I IRIK
FH C HEAEREESRRES. C B A

B 5 EBSD P Kichochi SRHESRARKREBRE sk C aritaoima T o, XHLE Ta, 741 C &
BRI AR ’

Fig.5 Combined image quality map and inverse pole figure

(inset) of the retained austenite by EBSD analysis BERARGREME, i C FRRHERRBRATREE
(PT=350 C, tp=300 s) FAXTBE, EAGTEMEAR I S bk AR B IR RAH S

BRI AR R R B A B E AR, e

R1 LEH Q&P KB
Table 1 Mechanical properties of the test steel treated after different Q&P processes

PT, C tp, s Rpo.2, MPa Ry, 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: Rpo.2—yield strength, Rm—tensile strength, A—elongation, Ry -A—product of tensile strength and
elongation

(a) (b) (211),
5 3
© °
= Z
g 5
g E
- 350°C, 10's
350 °C, 300 s
1 1 1 1 1 1 1 1 1 1 1 1
30 45 60 75 90 105 120 30 45 60 75 90 105 120
26, deg 26, deg

B 6 AH Q&P LZRFEHMETE XRD i
Fig.6 XRD spectra of the samples with quenching and partitioning

(a) before tension (b) after tension
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(a) —=— QT=PT=350 °C, before tension
—e— QT=PT=300 °C, before tension
—A— QT=PT=350 °C, after tension

I
2| //

1 1 1 1 1 1 1
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P
1.5 (b) —a— QT=PT=350 °C, before tension

14 —e— QT=PT=300 °C, before tension
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1.1+

1.0
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09F

0.8 |-

0.7

0 50 100 150 200 250 300
t,s
P
7 RARBREEBS R C & REERS R AL
Fig.7 Volume fraction of retained austenite (a) and av-

erage C concentration (b) vs tp in the retained

austenite (QT—quenching temperature)

3 Shitie
3.1 BLoriEEFIR EIXRR RS BARRRKE R
C 2EfIRm

W R AR BRI RO R AR B R C
R QCP TEEBAIAAER C N R AR
ZRRARY BERERERN, MIEHIAN C By Hok
R, C A8 P! B IR iR 2 8] B HE 23 58 BT BRI,
TR AR BB BRI R AR B C & Rtk
&, HEE 7 ERBIRANS T T AR LR B Ta R
HH B ] B 4 BE T R AR B ER A A B 3 KB B o B ]
HAEE.  TTRAE H, MEMERE N 300 CHE, {FEZd
10 s FEFRAR BIRAARR D RORF] 6.4%, T HEH B>
WFIRISELR, SElE A RGN, 2 )5 AW/, 7E 100 1 300 s
WFor A 6.6% 1 5.4%; MBI N 350 CHY, HE#&
FiE i 1] f 3 A B AR AR - BRr 8238 i, 22 10,
100 #1 300 s B4k 8] 3.6%, 5.8% Ml 6.5% HIFRA
R & 7o B AEARREMEE TRARRRE C &
TEREBL T TR ASAL. ATLAR H, fE 300 CHIFRA B IEK
C &AL 10 s BHAFIRCRME, 5 —HEF 300 s, C &1t
HIAEEAK; T4 ECMREE Y 350 CHY, RE C BIP i
HAREE 300 CHFEWI R, HEREREF C KT

BEERMEL (5 350 CHELAF 10 s iRFEAH L), T2
FEF/ratEIER C & ERRENN, 78 100 s Z 54 Bt
T HAE 300 CHHAIXTNE. FEIH, 7R 8 R AREH
Bl C &R L5 45 TR i Bt A iR AE 300 CHEES
350 CH C FL Ay FEE &, MR MESRE T BR
C ¥y, {2 C Bk BAgIE K. F3
XS gE R AT RE R 2 —, C BLAMJTA6 2 B 4l
LA

RAEE 8 HHIM MR TR, LRk
F| 300 CHY, —RAA DA (ML) FIAREAE R AR
BB RH 90.4% F1 9.6%, Bk F| 350 CHY, 2 &
HIARF B A 48.3% 1 51.7%. FEfi/ratfed C
PR M1, C JH T2 R BICEK. 7E8
TEAF] 300 CiREEH, M1 RS EOR KT AR5 R
CAA, Mgk E] 350 CikFE, M1 FIRFEA B RAR
RPN BEEAA S, XS AT E T A E ARG A M1
PRERR LN C JHT, MREHENFEE KA EA
REEETELZH C JHT XERTE 7 f4aHe 350 C
B o iR e P AR A L IR AU SR R AR R IR AR C & LRl
B4 BRI SE K T 3 A SE e B 5. 53— TR R A 2,
Byt B A Fe JRUT- BTG 68 LAY S Fo A/ B R AR
R, Santofimia % 23 fERLr&FM C B4
AR, Bk Fe JHTBaIMBIEREE 140—
180 kJ/mol 2 [&], 253 RbEE D R AA / B B AAAH ST il
BT RHER, BICEFH C S ESERHE S EE.
Bk B [/ B R R E M B B B e T Fe JET-AYPALTE,
HAE 350 CHEBHZN BEF T 300 CHIERHE,
HHAE 350 CHE4r 300 s BidAER ARl A5 B 5 A
BIGHR C &t (B 7b) ATRERZ AL/t ft b B FC A/ B G
MAEER TSR R C &HEERH.
3.2 E Cu W¥EaERMEERMI

R 5 AR T 5 L A5 AR BRI, AT Rk R

"

A

A

s
= B'
©
Kt
=
c

- c

1 1 1 1 1
150 200 250 300 350 400 450

Temperature, °C

8 IR AT TR A I PAHH A A Ik Hh £k
Fig.8 Thermal dilatation curve around the martensitic
transformation temperature of the test steel
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2 POARFRIALE]: ALEES 5 AR T AR
Orowan HLI ALY 8 AR VI AL . 2456 A0
BN ARSI BUR R, A 3R Ak32 Orowan ML #EfH]. 1
i, SLAZ SRS ERL (P-N ) AT Tt P b5

Gb f1/2 1.2d
Tp = X In(
2rK ~ (0.854 —1.2f1/2)d " 2b

K, G HEYILE, XMFIEREXE G BE
78.74 GPal?5]; b & Burgers & A, b=0.25 nm; d N
BRI ERS; K OEE (R ITE ML SR A4S,
K=1); f Rt AR B8 FH Thermo-Cale #4177
R AER A LRNTE CuklFrERS 5 f
A 0.005688.

288 T ARURL N T AR TR BUORLET, AT 5RAL 2 VI AR FE IS
. ERAA ] A B A BRSOV R B T LA N AR TR AL
FAEEsRAL, 2 2 X AE TAT AR S TR R R IR (i
WAPFR A E Cu k7R 5 (AR FR B A A T B2 1a]
FvERT, TR Y e B

) (2

ACu — Qq
aCu

5= 3)

A, ace HE Cu B THEHEHE (BiRHS Cu fk
FH %L 0.3615 nm AHF); ao KEh AR S R0 (R3%
BTS¢ XRD #i55k 54 0.28658 nm), FIH T 24 3t
AR AL

2

TF /00 In(20)] (4)

e =19
REFy I8 VAR B e=0.38783, TR T I A JLaE Y AL H
0.015—0.033024 el prds Ll Yl HL s AL e, FER
TEHLE AL 23R4 /E . Olsonl2) B3H 3 R K

1.1 32
= x L—d'/? f1/? 5
v aae < w )

KA, A:ﬁln%, RNLEELRTK S R B v R A HE
PREy A RE, B 0.5 J/m?2.

A (2) 5 (5) AR 2 PRI FeH
A4 RF de 7 5.6 nm. Mg TEM R (& 3a)
LR E Cu B ERA 16 nm, Ry
K FIOL A S A OB T8 Orowan HUEIREAT . B
R (2) RBHE Cu RFAEHA™EMN PN 7, b
67 MPa. 3|\ Schmid {fi8EF M, ¥ bee #y Fe, M
BT 2, WA T 4 w7 ROR S b e v B 1 2 1
LA B EIN Hy 7, Bt 1IN 7

YS, =M, (6)

X, V'S HUAELRJEARGRBEE, & 134 MPa. Xl

B Cu R THRYERA 16 nm, HF Cu HFiEN 0.64%
i, Hoxt Q&P #9Jm ARk BE#Y ST Tk 134 MPa. 57
ZORVARR, RIS ETR #2025
PG, RS AE RA R R AR AR R Y
A REm, 8 Cu fi7E Q&P W tiEsibiEm
(CANAZZE R

4 ik

(1) Sem aRR BICRE B, NEORLR AR
PRIEE.  HEERRF/ NSRRI AR BRI E B A AED
PR 2% 22 (6], T A HOR 7R A% B AR = B A L [R AR X
A A A B IR iy A Ah; VTR R AR R IR R 2
100 nm, /NFURCIRTE A% B8 FC AR T B A2 iy T T EDIR B8 [ A

(2) WEZEBCATET ] A 3G, SCI0AN A9 BRI o 2 A
FoRE S, SEMPRFI RN B R . 28 300 CHLSr 300 s
JEIRFERI SR A 1 R I T, IRIEFIAE] 21.2 GPa-%, #1
iR EFIAE] 1326 MPa, EHZE 16.0%.

(3) 2 Q&P WFFHE Cu LRMPUWETE
Cu kFHrib#l, HZE2RBE, HE 920 nm, REL
DAL RSN, BRI Orowan HUH, HigitH
HZAT HARXT S B0 0 A 58 BE BTk 24 134 MPa. [FESIE
TE 5 [ 2% ITRULEE 3 —Fi oAy, HoR By 12
150 nm, JEFE%y 20 nm.
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