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The Mechanical Properties and Thermal Stability of Ultrafine-grained or

Nanocrystalline T91 Special Valve Steel with High Strength and Toughness
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Abstract: In this work, T91 steel was processed through equal-channel angular pressing (ECAP) method for one pass using

ECAP equipment with an inner angle of 90° die as grain refinement could meet the high demand set on the special valve material used
in severe environment. After ECAP, the equiaxed grains were deformed and the coarsening lath martensite was refined. As a result, the
yield strength and tensile strength were increased simultaneously from 630 MPa and 735 MPa to 1000 MPa and 1025 MPa, respective-
ly. However, the tensile elongation decreased from 31.5% to 17.6% and the fracture surface presented some brittle fracture phenome-
na. The internal friction and TEM results show that the T91 steel subjected to ECAP for one pass is thermally stable in some extent as
only the dislocation recovery but not the recrystallization took place after the annealing at 700°C for 2h.

Key Words: ECAP; T91 steel; grain refinement; internal friction

HAT, R RIRREAEMSERRE BRI SRS mes®, Rty i ok
AEN BICARERAA I RA2ATERE, I e, SRS BT WA B R Al % A b )5
15427 ~ 899 CHIREIS IS, ARLNTRIBRA S il SRR, SRREAENAA T

s BHEE: 2018-04-07

EE&TH: 2016 4F M H R H R0 H 45 R 17T w5 0 574 8 240 e R 5 4 5 AOR 495 40 00 il 4 B Lk RE L AL BF 9
(G20160022)

BB/ : Thh, 3B, WHCRITA, T TS0 R AR Y, M5, A5 m . MERRRE: SR, B, WA, Wit
TS R A Be P2, Wi+, WP . BT RE, BoRlE; R, B, Wimam A, MPLE A BRAF TR, AR, w5
Jrin s HUBGE T JEAESR, B, IZREEN,  Hots bR AR g B i A A W TREU, WSS T I s Al s ARAR, B WiE
M, WL TR R AR Bz, 5 rm . MORESE; M7T, 5, Besinih AN, TP EBEBE S IR R A 55 BEF5T 5
W MR



55 18465 55 2 3 b 5RARF , BEEAK, S R T e SRR AR A -0 K R TO1 A9 )24 P RE

HERFEE PRI S3

VEIREE R . PRI R EC . ot iR ol . Bony 1
T, TR ST SRS AR LA R O S i I TS 2
e o (HERR MG S BIPERAR, KI5 ER
FE 371 ~ 510 CZ IR Lk o 528 ~ 871 “CZ [ & 7=/ ifs
PER, SR B A IRl AR ek,
X SRR AR L B BIE . TR RRTERE . &
TRASE PERE SRS ) 1 TR i K

FEAS T pRMERE R Jr ey, diAb RN
PRI RHH S50 0 e R BEA I R T 2 —,
AR AL 0 kA, AR A
KA EZS T A A HES L dios A AR ) HE
SIS INZERL, PR 5 8 B Ay, S0l it R I
n A I BRSPS, N Y o i S A Ak S
¥, WIEHU R, RIS RS
ANEAT DU i AR A 5 B2 38 T DA AR B 1
A TALGE AR R AR (TIOK L 1), BB
BHERRGT AL AN b CEROK ), T3 R 9K A
(<100 nm) , FAEHEARAT I S RIS, Br LA
FEIFH1 5 e SR AT A /K A R R AR AN B B
TR IR R R N Z —

A SR JH 4538 18 5% ff £ 575 (Equal Channel
Angular Pressing, ECAP) %J T91 BRE MR AR 1Y
AR NOT A TANAAL 3], FF 204 775 He il 5 p ok
OS2I RE
1 iR Hl g &Ik 77 %

1.1 KB
AR SCR B B4R 7] T91 8k 38 14/ 15 [ A4

(R L 1), 25 58 4 B #ak BES AILIN Tl A%
G10x60 mm, LR TG BE SR /1, JFAERE

L3 T PN BE RIS R TR — )2 MoS2 FILA S5 IR &
Kok B E A o B SR E T A 90° % £
ECAPHIH | L5 mm/s (8% H B B X HAMESE T 118
WEHE (E 1R ).

1.2 377 %

X ECAP $¢ 5T 5 A aURE S 7 7 SO0 285 44 1 g 27
PERE AT o X HEATIOW S #4 K M Re I A A
AHRIE S LU AR L SRR X, R
BV B R Oy m U, R T £ U0 EI DD
&3 x 10 mm (W [FETEFE S, I 1F SRS S 2 60 wm J5
PEAT XU v, AU R I 10% 5 A R +90% £ 1
HLE R T70 V., B 20 mA . i FH & 40 92 S i 1
flBE (TEM:JEM-2010) X} RisZH8i:4 1504

K H Instron5967 153X HL 1 RE R AR B8 ML /A
R 1 2AMERE . T2 3 ECAP B H S Bkt i b1
BIRSF RS, Ah g R B HEbr e, R
1ok 16%1.5%0.75 mm B AR, A 2k 0.1
mm/min, [6] I, F 35 & 549 H 7 O
(SEM: FEI Sirion 200) Xt Wr ESRIEAT4347 o

WAEN R AE Z D RE N FEA 58 iR o IR HR
H AR OEAL, RSE N 60mmX2mmX Imm, P EE
TR R R S, BRSNS AN 0.5, 1.
2. 4. 8F111 Hz, 5 FE PR 2 “C/min B FHE
HORTHE 2 810 °Co i WAFEIIA I 78 25 Fis v
e o
2 BERESH
2.1 AREMWEL

FFH TEM SHEFEZ 3 ECAP 5 RIS 6 il
AL BT A3 BT 1] 2 B 191 4R I 4 i

ressure £1 ATRATO FUERSE Bh: wt, %
Cr Ni Mo Mn Ti V Nb Cu C Si p S N Fe
cap 8.63 0.23 0.95 0.43 0.003 0.21 0.09 0.046 0.1 0.31 0.02 0.006 0.03 bal

H plunger

Die

rod

B ASKBEANFEREA0° B
ECAP#RAEREE

2 To1 IR R 21T 1 B R E/FIX AR TEM EF0 SAED & &

| ————— B o



54 WL TSP AR g4

2018406 A

R 138 B R T R 59 TEM & A H 7 137 5 81 3%
(SAED) o JE 4R IARE Hy S5 bRk 22 1 55 0 Kol 2%k
B FCARF A, (DL 2a), HoAp gk R AR Sk R 24
F310~20 wm ZE 47, AR N R L S HES & e R 2k
300~400 nm AR5 S G4, SULFEEE, FTLAE
Tt R fib R N R B3 AT A — o B 1Y 5 AR BORL
ARG RM, 765 AL RST R R A2 — ARk 32
BN MsCo (MEE N Fe, Cr) BALEY), wIxHEHA
HEATETHL, EEERAG A A ERT s T SR N R
BNYZ N i T 01 <7 sva 1L AN S 4 A= 8 3 5
MX (M~ Nb, V, Xk C. N) EgE ALY T
A, HATX A S 2 BB A, A B R A AR
HIFEHIP,

Mgt VIEWRBEZ G, BG4 %
AR ERIZI B UIFE R R AR B ARTE, a5
HhAnE R RE (ULIE 2b) o Sk P ERAR e & B 5%
AR, BN Z A 2 F AR TR 180 IR I & 285
4 o 3 LRIV it 548 S 4 T E R BRI s v
TE B —Fhasd LA, M e K A B A T Ak
Nk Aihi B 19, 22 2b bl DUR IR, #5455
MLAREEFGIEBAT A G, B SRR LR IV i 2574 8
WAH TR, B—FEl A2, R X Sk
SN AR BRI 5], AN, ZadE A,
FEJRUR TO1 fb o3 A 5 — AR LTI R, R
PRI ] RS2 R B0 BT U1 ) (AR KA 55 — AR kL
T RAMENE, Hh A m SR, WA
B AT AT RS e AT AR B, 2 B TR i RE Y
HL AT T R A A S B g, ELRSCHIE 43
ARHE, F W P A AR B I PA NE J7 RIT S

1200

1000 |

800 |

600 |

400

Stress(MPa)

A AR
200 L B  ECAP for 1 pass

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
Strain(mm/mm)

3 To1 IR SAIRNAE R 5 E 1 R L T2 R 1
B35 i 2%

AR, BXANIE T BT
2.2 FfH M BE IR K BT B A AT

&l 3 24 TO1 4K i 4 1ol AE S 55 e 138 U E () hr
RN S -Ri AR 2, PTRAE H, TR AR E
JRe ek 88 FNT 458 B 43931 24 630 MPa i1 735 MPa, Wy
Jo SEAR R B3k 31.5% , HAKFEIA B KA 28
AR SPIE A X, R R p bk, g
VIER BT 2 05, 1R 04 i R J38 R o e it 85 3
AN E 1000 MPa 11025 MPa, {H K J5 4 {2
MR R R 17.6% , R T AR 5B AR B
BISR AR B LA R . RS R JE A AE T AR i
R, W kAR R AR gk S SOk

T HRIA ECAP A HL S TO1 9 f12# PR RE AR 1k 1Y
JRPH XL S R T T T 2. B
4 1 T91 JEbiialdt B 1R BE R I hr A 7 1 SEM
Ko &l d4a 30 B A BIPE T 0 AARFAE, BDGICAL R
AT, R, R oA W) 58 NS AT DA & SR
S MR, SR 2ah R 5, fEIE 4b
HnT ISR FER e, R B RS b, TR
A &R ARy S B — S (VR TR T 4R TE , R 1
ERB A IR G W2, AT IR, 20
ECAP &5 MR B B R, x5 Ho A s
Bahie—E,

2.3 WA K R AT

15 R TO1 84 R R i AR FE AR TRl PR sh 4% (0.5~
11 Hz) FHAAENERZ R . IR E =R 2
800 CHY, PIFEIE FIFAR & BB AR, 7%
128500 CIX ], NFEHARFEAAS, (H Y5 B
500 CLL L, NEEJLFERL&ME EF, IRE
800 ‘Cik#| i ={H 0.16,

6 Ry Zat 138 YK HF Ak B T91 49 1 P #E
i, R RS — TR, #E0.5~11 Hz (1)
DE R T, AR L3 3 — B S A X

(a) gt

(b) B IE 18Rk
El4 To1$RAIfRET O SEM



55 1846 55 230 b SR AR, BEEAK, S Rl T e SR A A - 00K i TO 1A T A RE S A SRR E M O IE 5T 55

0.2

As-received
heating rate: 2°C/min

0.5Hz
1Hz
2Hz
4Hz
8Hz

EO04< @0

0 200 400 600 800
Temp.(°C)

B5 To1NRMBIXEERFME THRFEE

0.2
ECAP,1 pass
heating rate: 2°C/min %OC&Q;
0 05Hz <2 o
Ol o) % 1st heatin
v 2Hz SO s s
<
S 01F ¥ ™
m [’
+ n
2nd heating o aeads St
e
0.0 = P .
500 600 700 800

Temp.(C)

E6 To1iW 1 ERHFERIRFEMNAFEL
FRNFEDE , XN IR 28 690 °C. [R] R Fifi 4 0
R REAR,  POABIE XS R Y B AR, e =g DU B I 4
AREAR, HREARAY IR A b . X R UTECAP 4L
FRJS TO1 A 13X A~ A AR U4 Ay A A8 P FE I 17T A 5t R AR
WFENE o 7E 55 — WX T I 22 800 °C X 2 % i
Ja, EATEE R THRI, v L& BLAE 0.5~11 He
) DN A1 23 B I R N AR IS L, WA
690 CHHI A NAEIELE 2871, BE L ECAP
SR AAAEAE R THEG . A A2 i N AR Rl
GiE

Cu 7E 2804 ECAP J5 297E 140 CH B — 2RI
INFEWE, GolovintA W H 5 ECAP J5 Cu 45 fhid 2
F P, T ECAP & B AI-Ni 5 4 7E 200 °CZ2 4 H 3
—ANERIHY N FEIE, Watanabe %5 AIA 4 H 5 ECAP
J& AI-Ni & 4 P45 fad B AT 56, K2 (b)
AT VE W, fEZad ECAPL B B G R foki R T

2554 300 nm.  BUAE i £8 5 700 CaR k1 /NEsf Ak 3
&, RRGHILEAZE (WET), BWE kIR
KA RIT . XERUIET g N FEEITE
J& BT ECAP 4il b 5k 5 iR 1 P 485 it ok A i 5 |
e, AR AT RERE T B R R A 0 R v
FE 690 CHIBL T —N 3 [ A 72, Xt ml DIAR
W RIS IR THEL R I REIE AT 2% o

SAEDH

3 &g

ARSI ] FH % A 90° 1 ECAP AR ELX T91 44
FEZIRMAT T VERNETE, JE00 TS ERTG
FAB KR TR A IORES AR AL . 12 R RE R AR
fb, EELRWT

1) TOVWPILR AL UR IR, Sk R 2910~
20 wm, £ 1EREEIG, JEA M85 S TE
FIZLR B UIFE I B &R WA Ak, S5 Ak i i
WEREAR /N

2) TOVH B UAIRRE ORISR | i ARG B I Ak
43 5k 735 MPa., 630 MPa #131.5%, 7E45d 1
BB EZ )G, R R . e 5 15
FHR 439135 3] 1000 MPa #1025 MPa, {HIEfifi
AN 17.6% . Wi Bon, 4 ECAPAEEG
(AAREAT ) B BT 1 AR i R

3) TO1F )i 4l RE (%) INAETE T I WA S A N A
B, Zead 1ERFFEZ G, £ 650~700 °C X [A]
A3 BRAR S R T Y ARG, LR PR A RS A 4 T
BT M45E 700 CiE K 1 /B HE S, SoRL
RAPJLPEAZ, SRR EAEH BRI, 2
P — 2 SR EE



56 WV TS AR 2 B 2F 4R 2018406 A

S 3k

[1] IRARTE, SefE &, [ AL FIE ST 304 BL AR AN GLAL 5 S ()88 Bk (R R 71, 8 k5 Bl 4, 33(8) (2012) 695-698.
2] BhAR, W 22, BTN ANEE SR ()], /1], (3) (1999) 33-35.
[ 1 T, TR, BB TR AN B 5], SERIFSE, 37(4) (2009) 56-58.

4] BRI, MIDE I 4, R S P A8 T i 468 200 i/ N K A 5 1 < S AR ) A 5 RO R I FH R 22101, Hh L (4 s 2= 4R, 20(4)
(2010) 587-598.

[5] Maruyama K, Sawada K, Koike J, Strengthening mechanisms of creep resistant tempered martensitic steel[J], ISIJ International (41)
(2001) 641-653.

[6] Hahner P, A theory of dislocation cell formation based on stochastic dislocation dynamics[J], Acta Materialia (44) (1996) 2345-2352.

[7] Shin D H, Park K T, Ultrafine grained steels processed by equal channel angular pressing|J], Materials Science and Engineering: A
(410) (2005) 299-302.

[8] Fang D R, Zhang Z F, Wu S D, et al, Effect of equal channel angular pressing on tensile properties and fracture modes of casting
Al-Cu alloys[J], Materials Science and Engineering: A (426) (2006) 305-313.

[9] Golovin I S, Zadorozhnyy V Y, Thermally Activated Relaxation and Hysteretic Internal Friction in Ultrafine Grained Copper{C], De-
fect and Diffusion Forum (309-310) (2011) 209-214.

[10] Watanabe Y, Zhang Z G, Sato H, et al,Mechanical Spectroscopic Study of Equal-Channel Angular Pressed Al-Ni Eutectic Alloy[J],
Solid State Phenomen (184) (2012) 173-178.

([EHE: EFAK)

(4% 5528 T0)

ERE:
O RESKBEZE: N BB 2 “BREE [EB/OL][2016-12-02].hitp://paper.jyb.cn/zgjyb/html/2016—12/02/content_
467741 htm?div=-1.

@ 22016 4F 12 A £ 4= F = R AR BOE TAE S W E 2 PFE[EB/OL).[2016-12-08 . http://www.mod.gov.cn/leaders/2016-12/08/
content_4766537 .htm.

@ WRTF 4 N BB B R, B EREEIN] P E HE H2,2017-03-21(10).

@ >J I 2016 4F 12 H 764 F A BARBOA TAE 21 E B G [EB/OL][2016-12-08 ] http://www.mod.gov.cn/leaders/2016-12/08/
content_4766537 .htm.

OAE LRI R U F R SCHLBUVE R A SEAR” AT AR (BRI B ™= A 20) ThSCORSCAS . hip:
//unesdoc.unesco.org/images/0013/001325/132540¢.pdf.

@2k A TR T SPOLHAR e ORIE T ERT) SClRIEE R A MR

@ 2250582016 4F-3 7 5 HAESE + ) 4 N RACR KRS58 IR £ WA R BUR AR5 [EB/OL][2016-03—17].http://www.gov.cn/
guowuyuan/2016-03/17/content_5054901.htm.

SE Lk

[1] R % 7 A AR IR 30 DR SE IR DA St v 88 Ay e o s AR BB 8 R DR AR AR [0 1 S5 80,2017 (1):43-46.
[2] TR R T R R B B RO HE R N IR 0 SR B B A e HE 5 1,2017(1):31-34.
| BB A LIESE SCIb R A e A AR A BRI PR (R S A )] 2 5 AR 0, 2011(3):49-50.
4] PhET S P A G SRS | A BBOR A () BEAR[1].22 B, 2013(5):235-236.
5] A UK. i BB IR R SR S ORI —5E T “REEC ] S A E #Ee 5 90#R,2016(9): 153-155.
6] 2=, BN . T IR A R 7 s AL 7 5 AR5 B ()], AR BHIEIE ST, 2015(8):54-59.
[7] H B XK LIEAR o S S AN (] 8 R #1253 F,2015(6):6- 10.
8] AT T HLRERI A “TIEAEM” Kigreok . M 5 EAR.80E & EIFE,2016(11):66-71.

(REHE:FFHF BAE)



