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Abstract: For the problems that coarse grains, mixed grains and without bottom wave in detection of large extra-thick F316H stainless
steel valve forgings, the thermal rheological behavior at high temperature was studied to explore the best thermal working process parame-
ters so as to guide practical production and application, and the thermal compression deformation tests were carried out by the thermal sim-

ulation tester Gleeble-1500D under the conditions of the strain rates of 0.001-1 s™'

and the deformation temperatures of 950-1250 °C.
Then, the constitutive equation of high temperature rheological stress was established based on the Arrhenius model, and the thermal de-
formation activation energy was calculated to be 393. 857 kJ + mol™". Furthermore, the thermal processing map with the strain of 0. 8 was
established based on the DMM dynamic material model, and when the deformation temperature was 1100-1150 °C and the strain rate was
0.005-0.01 s™", the power dissipation factor reached the peak value. Combined with microscopic metallographic analysis, the grains with-
in this range underwent sufficient dynamic recrystallization, which could be used as the main processing area of thermal working. Finally,
combined with the thermal processing map, the forging process of nuclear power stainless steel valve body forgings (12 inches in size) was
designed, and the forgings with excellent grain size, non-destructive flaw detection and mechanical properties could be obtained through
the production verification.

Key words: F316H stainless steel ; high temperature rheological stress; constitutive model; thermal processing map; dynamic recrystallization

PR ol 28 s AT AN TR A SGBER SRPE, IR R A R T N AR IR AR TR
SRS IR FR BRI | SOR B A A R U

BRI EI89: 2022-01-20; #EATE: 2022-04-26 BRI A4 R I TS 4 R 4 W
BEWA; HEMARIERSM (21010054) S WHLS AL AN, T L 2 2
BB T AT (1989-), B, WEBFcE, TR X . o B
Bl o 163, o e P H  Ae b B, 45 B K B A6 44 73
EEEE, TEE (1964-), %, W1, %% TR TR, A% 5 R TT A P 2R ER AR 85 A b

E-mail; aiqin_ wang888@ 163. com BHEA ST RS . PUE s WS R A A



222 Bk R 5 47 %
FRR T BRI IR AL T Ak 650 CCHl BRI S0 €, MR AN 0.001 ~1 7, FE4iEh

FERIUAAX RN b R HErh . S ERETTOR
AN SR A N 5], TR E T
FEARI Uik B IX TR R AR R R A SR AT A BRI
ASCHFJE T F316H AR e B g, XF
HAARIEAT AT THFSE, R8s 730 T Bk 4
HrAPEHERIN T 72 v ) B 1 AR 1S 28 T T B A
AHREIK R, BN T 2R RS,
FETWREER, ML AEWE TR &E T2
PEAreAL, A PRI S T R R SRR

N

R R E ] F316H REEH, fb# (%,
A M. C (0.04~0.05), Si (<0.6). Mn
(1.0~2.0), Cr (17.0 ~18.0) . Ni (11.5~12.5) .
Mo (2.5~2.7). N (0.05~0.07), O (<30 mg-L™")
MH (<5mg - L"), &M Gleeble-1500D A 11k
HLIEAT R AR AP 5, TR R 4 R R R
@8 mmx13 mm, LRI N 950~1250 °C, il S [A]

120
100 1 950 °C
< 80
% 60 1000 C
2l 1050 °C
o
40 1100 C
————— — —buc
1200 C
20 4 1250 C
T T T
0 02 0.4 0.6 0.8
BN
@
180
160 1 950 C
140
s 1201 1000 C
E 100 -
g 1050 C
> 80
= 1100 C
60 1 1150 f_(C:
1200
40 1250 C
20
0 02 0.4 0.6 038
A
©

55 (HKHRIAH 0.8) . HE SR8 52 WU 57 %)
i, e SR T W B7 L,

2 #RE5

2.1 BENA-BENTHESHT

Bl 1 A F316H ANEE N AEAS [] 28 ik B A i A8
REEN I -ENA AL, vJRIE . BIEwHE
BB N A A, ELN ) SR, R ECN AR
AR A shAR A, EN T SRR thEk
IRENEEN I, ShA PSS bk = S EH,
InraEfe S Ae (S E ML) 1A
HAWH, BN TRE ., F—RET, MgV
IR, AL RIAS R, BAVEHIRRAL, SEE N )
BEZ IR, [Fl— AR HOR T B AT 1 T,
JRFP BRI R, BAER (ShA& R Fsh S s
fm) SR, FLN JREZ I8N, AR A S I R
SIS A RN T

1201 950 C
100 -
g 50 ] 1000 C
R 6. 1050 °C
2
e 1100 C
401 /\— 1150 C
T 10T
20 1250 C
0 02 0.4 0.6 038
FLRIAE
(b)
200
950 C
1000 C
150 1 .

o 1050 C
_% 1100 C
i 1001 1150 °C
o /—\ 1200 C

50 1250 C
0 02 0.4 0.6 038
B
©

1 AN [ o7 7 5 K IS T BE I 118 L0, g — L7 728 i £k

(a) 0.001 s

(b) 0.01s™"

(¢) 0.1s7" (d) 157

Fig. I Ture stress-ture strain curves at different strain rates and deformation temperatures



12 +

F75 . A T TN SRS AT A 5 R 223

2.2 BENAXFTEEE
Zener-Hollomon 234§ (&5 7) h i M
A AR FIR A N (1) s
Z =gexp(Q/RT) = Al sinh(ac) " (1)
K. & WNAEHR; o RIEEN T, Q HRETEH
IHRE; ROVHAESUREEG THBREE; A, o, n
R R R
BEXEARIN S 264, X (1) AR
g=A0" exp[ - Q/(RT)], ao < 0.8 (2)
e =A,exp(Bo)expl - Q/(RT)], ac > 1.2
(3)
&g =A[sinh(ao) ]"exp[ - Q/(RT) ], Fiio (4)
AP AL Ay ng . BERMPRIEEL, Hoh a=/n,,

X (2) ~ (4) P EIT IO ET A

=950 C

04 ¢1000°C om
A 1050 C
v 1100 'C

.11 #1150 C
<1200 C
» 1250 C

24

-
z ]
-5 4
% o v
30 35 10 45 50 55
In(o/MPa)

@

1950 °C

01 e1000°C -
41050 C
1] vt
- ¢ 1150 C
<1200 C
24 »1250°T
= » L/ A [ ]
xS
< 34
|
-4 4
|4
-5 /
1% 4 ey & e
-1.0 -0.5 0.0 05 1.0 15
In[sinh(ao)]
©

Ing =1InA, + n,Inoc - Q/(RT) (5)
Ine =1nA, + Bo - Q/(RT) (6)
Ing = InA + nln[sinh(ao) ] = Q/(RT) (7)

} . {aln[sinh(aa') ]}
T a(1/T) F

dlne
0= R{aln[ sinh(ao) ]

(8)
ST BEE A I, HUEAE N 7, I AR 4 il e
133 0 FLN 7 - L0 AR it Ze B4 AF 1] Ing-Ino Fllne-
o, WE 2a FE 2b Fix, B SERE S, =
6.633, B=0.0786 MPa™', a=0.0118 MPa™', 475jE
TR, Kl 2¢ Fin, YER Ine-In[sinh(ao) ],
K% n=4.75, M0 AEHOREE R, WE 2d Fi,
YEE In[ sinh(ao) 1-1000/T, BEATLPERIT, 1534
AT PTG HE 0=393.857 kJ + mol ™',

0 - ]
-1 4
2
§, 3 u 950 'C
= * 1000 C
4 4 1050 °C
v 1100 C
+ 1150 C
-5 < 1200 °C
» 1250 C
>4 6V A o
6
20 40 60 8 100 120 140 160 180 200
o/MPa
(b)

In[sinh(ao)]
& o o
. 2.2

-1.0
-1.5 T
0.64 0.66 0.68 0.70 0.72 0.74 0.76 0.78 0.800.82 0.84
1000/7/K-1
@

K2 AR T &8 2 LR

(a) Ine-lnc  (b) Ine-o

(¢) Ing-In[ sinh(ao) ]

(d) In[sinh(ao) ]-1000/T

Fig. 2 Relationships among variables at different deformation temperatures

PR (1) P R BT B, E B Inz-

In[sinh(ao) |, WK 3 Pras, LG5 Ind =
30.87, A=2.54x10" s7',

M) Zenner-Hollomon Z%1°4 .
7 = gexp(393857/RT) (9)
R AR N 1T RN



224 B & O R 547 %
o CEE NN PN O T PE LY
. W T ESHH E e ik ds . # kBB EFE
*7 B P B TEAEEL G IO S (L REHL T I3
36 " ST, .
34 P=G+J=fadé +f”édcr (11)
3 0 0
32 X TARL RIS AR FE, DERFER K » S O
o LV ALFERAE R MR R IO LB R, 1,
i ] 2m
281 e Tt (12)
05 00 05 10 1s by m AN ﬁi?@lm&l@( Jow HERRRLPEFE
In[sinh(a0)] S TR,
K3 InZ-In[sinh(ao)] XZ&A TENAZ 5N 0.8 I &MF, R FAR I I
Fig. 3 Relationship diagram of InZ-In[ sinh(ao) | E*@Jﬁ%:(ﬁ%ﬁfg}ﬁu E/‘Jjj]%‘;*%ﬁ&.% n E@Tﬁﬁfﬁgﬂz
& =2.54 10" x [ sinh(0.0118¢") ]*”* x @E”?@fﬁi@ ATl o P, 5T Prasad B
o 15 Sy
exp| —
RT g(é)zaln[m/@n)] em<0 (13)
2.3 WMMIBERSH dlne
WIEZ S MR R pMME Y o TR NP Ee) WRRET,
_iwé/' \\\\B//
26
7 \/
30
% 3 o
S 34 B
L @ / E 4]
-5 30 y 54
-6 0 6
[ A
950 1000 1050 1100 115 1200 1250 950 1000 1050 1100 1150 1200 1250
wEE/C W/ C
@ ®)
ki
-6 1 30 /
. / . |2
950 1000 1050 1100 1150 1200 1250
wEE/C
©
&4 F316H NEWIYDIRFERE (o) . KIGE (b)) FIFINTE (c)

Fig. 4 Power dissipation map (a),

instability map (b) and thermal processing map (c¢) of F316H stainless steel



12

FOATEE BT BERASIEAT R T S 225

& 4b JE R AR A 0.8 R Y F316H ANEE A 0 I
AR B, e ny AR TR AR B IR BE R I Y X ek
(R R AR RARIX, HIRFEHE 5 RRES
JnRI AT AR E AR RN T, i 4c i, ATLLE
W, MR RY RN T R, SRR X s BRI
T e D AR R R R, FEIRBE A 1100~ 1150 C . Wi A%
HFN 0.005~0. 1 87" [IXIER, fig 5 #EHOs 26 (E
38% ., HEMNFRBILZMT MMAL (Kl 5a)
3T, ZASTEIREE A 1100 °C . MR N 0.01 s 5%

@

PR R4 ML S an /N Tk, MR A T 78
SYRIBhAS TR S, K XU IS A I TR % 4 X
B, 7R AR HOR XU B T R R X, X
B ) R B A, X R E Sh, AR B R BN
950 °C . RPAFHERN 1 57 LM F &ML b
BB BN RS, ARSI AL, 3
RK RSN TREE 5, Z XK e = 1 T3
PEASTE , A S Bh 2 P25 Al AL b ko i B Y, 34
0T kR X

5 F316H NENTEAR FHASTE 44 T I o 4 21

(a) T=1100 C, £=0.01s""

(b) T=950 C, &=15s""

Fig. 5 Microstructures of F316H stainless steel under different thermal deformation conditions

3 AFRIE

i F316H AEANAY 12 ~F AR, H
¥R SF A 660 mm x 900 mm x 1200 mm, L N
5600 kg, XFiZISIEME MR, oA B R
BOECRIEIRS] 3.5 UL b, Z) UM | TR & AR
Vi G, 5 A BB T 238, Wik
FIFE o sh A F45 &, DO 44k ok iR . SR
2500 kg HLIA BEDEAT IR TR, 20 T AR AR
o, B R B 3k 45 AR v fin At R 1 AR
FEAR R PR, S SRV ERL R, R, RS R
(T2 S50 S AR A 80n T 181 9 1y S FE il e
DK, BP0 T DX 18 5 S s i IR T2 255
B IR N 1180 °C, NS ZEHILE 0. 005 ~
0.01 s JEHIP, RS Loh 2 SEATROHL, 2R
JE LR o 1.8 BT Y, 2B
W AEB 4 HE R T8 S BUEE iE , J5 2 [ 4R
AEFEFURE T, B PR O f R 4% BROGB/T
6394—2017" Ka 5 N 4 %% (K 6); %M NB/T
20003. 2—2010 FrifE" "7 JEA7 A 75 P AR5, WAL IV G

Fl6 AR A Y AR 2 21
Fig. 6 Metallographic structure of finished valve body forgings

FR, AEERT D3 mm WHBARERFG ; =R 2AME
fiEl /2 IR 38 BE R, =205 MPa, FiHish)E R =
485 MPa, K& A=45%, whiish KV, =225 J;
350 C T W s o A IR 5 BE R, =127 MPa, $itdi
SR R, =420 MPa,

4 i

(1) F316H NEHMAER A HE K 0.001~1 7"



226 SO s S N

AT 4

AT BE R 950 ~ 1250 °C 448 F #EAT #UE 451856,

FLECR - BN AR ph 2R R SR ) Sl A P4 SRR
(2) F316H A& 8 09 4 A8 B % 06 6E Q =

393.857 kJ « mol™", HmiRIRARN S AN I HE N &=

393857
2.54x10”x [sinh(0.0118¢0) ]4ﬁexp(——i¥f—)o

(3) F316H ANFEMBUN TR KHEAET ZS50
Bloh. 728 2 I & 1100 ~ 1150 °C, R 728 3 & Ny
0.005~0.01 s, Z5&#N TE i fE T2 S 85E
i, JFRE T AZH 1T A48 s A 7= 0, SRR 1 o
JERICHRINSS SR 205 R AR SR ER, BT R
U B SRR

S 3k

(1] . o E=fsdr [J]. B, 2013, (1). 31-

33.
Shi Y S. The localization of nuclear valves [ J]. Valve, 2013,
(1):31-33.

[2] MERE ASEWONHEHEE [M]. JE5T: HUBCT L AR
1, 2010.

Zhao C S. Application and Heat Treatment of Stainless Steel
[M]. Beijing: China Machine Press, 2010.

(3] E£2m, 25z, k—1F, 4. L35 0041 B4 R ILA AR5
AL [T]. WA TR, 2021, 28 (7): 138~
144.
Wang Y N, Lan L Y, Zhang Y T, et al. Dynamic recrystallization
behavior of as-rolled 904L super austenitic stainless steel [ J].
Journal of Plasticity Engineering, 2021, 28 (7). 138-144.

[4] Babu K A, Mandal S, Athreya C N, et al. Hot deformation char-
acteristics and processing map of a phosphorous modified super aus-
tenitic stainless steel [J]. Materials & Design, 2017, 115; 262-
275.

[5] SF87, BRI, BRE, %5 316LN 495 [G R ok 4 K A8
(1], AT R4, 2014, 21 (3): 98-103.
Qi K, Sui D S, Chen F, et al. Study on austenite grain growth be-
havior of 316LN steel [ J]. Journal of Plasticity Engineering,
2014, 21 (3): 98-103.

(6] MR, =0, KiEde, 5. 316LN J [CIARR G R Y & L
AT (1], PORMIPSEAAR, 2014, 28 (7) : 481-489.
Wu CF, Li SL, Zhang H L, et al. On high temperature tensile

fracture behavior of 316LN austenitic stainless steel [ J]. Chinese

[10]

[11]

[14]

Journal of Materials Research, 2014, 28 (7). 481-489.
AR, 304 NEEWIVIEIL S5 T sS4 fhiT itsE [D].
KM RIFERHRE:, 2009.

Zhao X D. Study on Dynamic Recrystallization Behavior of 304
Stainless Steel Under Hot Deformation [ D ]. Taiyuan; Taiyuan
University of Science and Technology, 2009.

Wang C J, Feng H, Zheng W J, et al. Dynamic recrystallization
behavior and microstructure evolution of AISI 304N stainless steel
[J]. Journal of Tron and Steel Research, 2013, 20 (10). 107-
112.

W, WL, E3CH, % 3161 WIRAAEM I B L
i [1]. MBPET R4, 2014, 21 (3): 104-110.

Pei W J, Guo X Z, Wang W T, et al. Flow behaviors of 316L
stainless steel at high temperature [ J]. Journal of Plasticity Engi-
neering, 2014, 21 (3). 104-110.

BN, E R RIS VIEIBAT A AN T [D]. L.
TR, 2018.

Hu F. Hot Deformation Behavior and Hot Working Diagram of Nb
Containing Austenitic Stainless Steel [ D]. Zhenjiang: Jiangsu
University, 2018.

FEBT. AU 316LN B HE 4 AT A i B i 7T 5 B E A
[D]. Eiff. RMEIGERY, 2014,

Qi K. Experimental and Numerical Study on Dynamic Recrystalli-
zation of 316LN Nuclear Power Steel [ D]. Shanghai; Shanghai
Jiao Tong University, 2014.

Zener C, Hollomon J H. Effect of strain rate upon plastic flow of
stee [J]. Journal of Applied Physics, 1944, 15 (1) 22-32.
Srinivasan N, Prasad Y V R K. Hot working characteristics of ni-
monic 75, 80A and 90 superalloys: A comparison using processing
maps [J]. Journal of Materials Processing Technology, 1995, 51
171-192.

Gronostajski Z. The deformation processing map for control of mi-
crostructure in CuAl9. 2Fe3 aluminium bronze [ J]. Journal of
Materials Processing Technology, 2002, 126 (9). 119-124.
Prasad Y. Processing maps: A status report [J]. Journal of Mate-
rials Engineering and Performance, 2003, 12 (6) : 638-645.
GB/T 6394—2017, & )iV sk I E R [S].

GB/T 6394—2017, Metal—Methods for estimating the average
grain size [S].

NB/T 20003. 2—2010, #%F8] #% B LIRS & Tk 55 2
oy AR [S].

NB/T 20003.2—2010, Non-destructive testing for mechanical
componentsin nuclear island of nuclear power plants—Part 2. Ul-

trasonic testing [ S].

&l
MEH
1 05 1K

{QCHM ) T

Wﬁ:ﬁﬂﬁ%ﬁﬁ’
Wi, THBRIEH,





