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Hot working behavior of delta-processed GH4169 alloy

CHEN Qian, WANG Yan

(School of Aeronautics and Astronautics, Central South University, Changsha 410083, China)

Abstract: The hot compressive deformation behavior of delta-processed GH4169 alloy was investigated at temperature
range of 980—1100 ‘C with strain rate from 1X 107 to 1 s™' by thermal simulator. The true stress—true strain curves were
obtained. The results show that the apparent dynamic softening behaviors occur during deformation. By using the
friction-corrected peak stress data, the constitutive equation of the alloy for hot compression was established. The
material constants are obtained to be ¢=0.005626, n=4.2643, 4=5.6185X 10", 0=486.8 kJ/mol, respectively. A group of
five-order polynomials showing the relationship between material constants of the constitutive equation and the strain
was constructed, by which the flow stress was predicted. The predicted data are in good agreement with the
friction-corrected one. According to the methods of dynamic material model, the hot processing maps of the alloy at
different strains were established. The dynamic recrystallized characteristic under different deformation conditions and
the flow instability behavior were also analyzed.
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Chemical compositions of GH4169 alloy (mass

Ni Cr Fe Mo Nb+Ta Al

53.44 18.09 17.69 3.07 5.43 0.46

Ti C Si Mn Co Cu

0.97 0.04 0.078 0.065 0.18 0.065

200 m

B 1 oA GHA169 & 4 K44
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Fig. 1 Optical microstructure of J-processed GH4169 alloy
KEEDIR & FHI p FeARepifrih, @ w0 Aras R R H
B AT B SRR ST 2 R 270 um, 5 HIAARFR & 2
H10.58%.

4 o AR AR ER S5 (1 -G A Z D) En TR
A d 8 mmX 12 mm P AFRFE, 4857 Gleeble-3180
R PBAAIS N EEAT AR SRS, R P o i 77
A SRR T R, SRR BE 30 980+ 1020+ 1060+
1100 °C, WNASHRHIH 1X107°, 1X107%, 1X 107",
1 s, BSUONARRN 50%. FHAFELL 10 C/s [R5
INAEITBAR S, AR 2 min JEREATIRSE 508, R4
SE G L RIKV AR B il AR T A 2. ) Al
YO HURCA BIPEALA HR R 48 F Bl RAEE N ) AR S 40HE
BT IERITHST, il BN - A k. RH]
LV RIT VRN 48 J5 TR Al ) T, 2R RDARET IS
bS5, 7 REICHERTMe F3A AU%2% 41 Wi
Bi BT A HT

2 ZFRESH

21 ENA-BENTHZEEE

Bl 2 e o 43 i o BRI M LT R A1) 6
AHI A GHA169 &4 N J)—FL AR fi 2. &l 2
A, SRR AR A B0 AL s, FLE W
JMEREI IR, 25 h Taama R e,
BN PACAE A PG n, JLEN ) — BN AR it 2 5% i
T PR (R AR TR B AT T, B AR A1)
$eim, AL A BTN 4 N AR A A [
B AR T B T i, B AR N ) b2 kb o DA
AR5 SCHR[4-6, 13]4RIER 6 AHINZAE GH4169 &
G e AL TR AL B AR A AR A

AEPBPIRIEHUR AR, WS RSk 2 Al
JEE R 25 SR (KA U)o LA A FH e i N A SR A
AT LAY EERE , AHL RS A R Ul B R AR TR 1R 5 o
AR5 Sk 2 (A Al AR S G 0, PR R Aok
TR T o PRI A AT BRI T A TE AR A ) 2300,
SR TR (1 5 ) R . AR, AR AR TE AN A,
DAL I 75 2 06 I 45 (4 )87 ) 1EAT P #2145 1IE . EBRAHIMI
SOV 5 2 WA S AR 8 7 7] R QDR T AE IE -

mexp(—b/2) } "

244/3[exp(=b/2 - 1)]
Kb o NEEEIE G ITN J)s p AIEAE S FE T 4h
N TR BRI I (BUREBIEM N D)) b A4
FERE: m N PBEEBEN T H A R4y AR e i A vk
FEIBES = RN A2 o Ry = Ry exp(—£/2) 5
Hy = hyexp(—&) s Ryl ho 5> B S BE 546 G LS
BT bR m AT RN A
Ry—Ry h

PR e @
m:3ﬁmf .
(12— 2b)h

IW%&%&%E&&%?%*&Jﬁ%%%&wg;

h A RS AR S = Ry WK EAR: Ry 2
A2 e AR R g I Sk K B SR AR, TR R N

,/%%R§—2R§O

FAE R (D)~B)K 6 A2 GH4169 & 4 il %
TE LN ) BT RS IE, 8 1E 5 I LN, ) —E0 W,
Ak n e 2 Pz s, I 2 Al B ihek3t
N Y S Ol Ny B e Y B 2D b B S R G
AN BRI A AR T BT KIS, 5 3Cik[21-23]
PRI PR RS TE R — 8. (HIE I 5 2 BT S AR R
IS F (1100 C)FIEARCHX LRI, AT
LR SIS AR 1461 N (WANG 25t Hh 4]
G O AAT S BL N 12.8%), ASLIA 4 VAR N 1)
A WS N B, X BRI SR SH(WANG S 5T
HRILGR AR SFZI R 180 pum) W AR B th A 3 K5
WA o BT A ORE ) o O R R e T R, T
Hall-Petch 28 kR4,

o, =0, +Kd"? 4)

LH: o, AMEHNREE: o, NISEERET; KHh
MRS d ik ER. Rk, SRR ST S
BT dn SR BN, 594 T 4 s AL TE T, WA s
56 v BT FH A 4 1) el AR T AR N A — 5 P B A

MBS R, ] BEAFERFEEE T
TRBEHLRE IS, 5 AR AN, HL7E e W AR
REAFTHEANE . B 3 Finh 6 MRS GH4169
BB FARTE AT PR hZ. B3 a4
NASHEA Sy 1 s I, AT Ky 980 C I (¥ 35 i ik
AN 18 °C; AR SE R 1100 “C IR i THEAN B
14 Cy; HWNARHEARN 0.1, AFTRILE A 1200 C



2730 R 4 A AR 2015410 A

I R TR AL 4 Cy UV ARBORIGT 0.1 s, T EFEA R TARGE M. LRSS RS SCIR[21 4R IE )8



F25 BH 10 43

B, 2% 0 MRS GH4169 & &N T.47

2731

@ e Experimental
400 — Friction-corrected
£ 300
s
2
g
o 200
2
F
100
0 0.2 0.4 0.6 0.8
True strain
(©) Experi
A perimental
400 — Friction-corrected
£ 300
S
% . WT‘-«JjL,.‘_‘_, oy
2200 At A S A S AP e S e A :
Q g -1
E 0.1s
[_1
100 ‘“—‘% 001 S—l
"’*‘:‘“-%%0001 S—I
0 0.2 0.4 0.6 0.8
True strain

400
£ 300
=
2
g
o 200
=
=
100
0 0.2 0.4 0.6 0.8
True strain
@ e Experimental
400 - — Friction-corrected
£ 300
2
8
2200
=
=
100 fﬁ ,,,,,,,,,,,,, _
ra . S
premsm RS S s 0.01s™!
[ 0.001s7!
0 0.2 0.4 0.6 0.8

True strain

B2 AFAATBLALET 6 AN GHA169 4 4 FEEAS IE T 5 I EL Y J)— B0V A7 i 4

Fig. 2 True stress—true strain curves of delta-processed GH4169 alloy before and after friction correction under different
deformation conditions: (a) 980 C; (b) 1020 C; (c) 1060 C; (d) 1100 C
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Fig. 3 Instantaneous temperature curves of delta-processed

GH4169 alloy under different deformation conditions

e A e AR T R P I TR BE AT, TR
WEANTE, PRI, AR S R AT 0N g — 0 AR £k
i A IE .

22 AHATE
I BEAEAE 1F 5 (1 F Y ) 5040 ST & AHIN 24
GH4169 &4 MHAEGAIITRE . BB i AR TE
(1A% I g A H 7 R 3 ] I R(5)~(7) ARt 13290,
1) FEARNJJKFF

Z =£exp[Q/(RT)] = 40" (aoc <0.3) (5)
2) fEEN KPR,
Z =£exp[Q/(RT)] = 4, exp(fo) (aoc =1.2) (6)

3) LEFTH N IR,

Z = éexp[Q/(RT)] = A[sinh(ao)]" (ac WAEEAL) (7)



2732 PR R AR

2015410 A

K e WNARHER; o HWARN s VAN R
BKME, o, av B n A Ay A BHERIEICR
%, B a=8/n; O NWMEASREIEEE: R
NEEIRSAMERG T 2 .

73 0k 25 H(6) W 12 U H 45

ln:)':ilné‘—li’1 (®)
n
1, .
O':Elng—B2 )]

AAre By By 9 N 5 A ORI H Ky 5 i
TRIH S 8, K o IR GHA169
B 2 VALY ) Kt 23 AR A SN @) M O) s FFHEAT 2k
PRI ALEE, BIA[# o, —Iné Fllno, —Iné AR
2, ol 4@mo)pis. L, o, —Iné M
Ino, —Iné [Hl U 2 1 &4 5 50 50 oy 1/ M Uy
a=p0/n .
5 A7) PR HO BOFREAT ) 7T 43

500 @
¥ a—9g0C
e —1020°C
400 A— 1060 C
v— 1100 C
T
[}
=
S 200 - e
) v
100 B [
O 1 1 1 1
-8 -6 -4 =2 0
In(é/s7h)
2
(© .
= —980°C
e — 1020 °C
A— 1060 C
1 [ v— 1100 °C
5
3
g
5 0 -
=
-1k
-8 -6 -4 -2 0
In(é/s7")

olné } {mn[sinh(aa)]} (10)
T

0= R{ :
Oln[sinh(ao)] o(1/T)

s AT 3 4 5E U T In[sinh(eo,)] - Iné
(A 2 (LB 4(c)) B 3 11 (5] B0 — s WY AR B %R
N Infsinh(aro,)]-T7") AL (LI 4(d)) 1) 4%,
Il Infsinh(ac,)]-Iné [l U7 £ ) # B 4
[O/RT)—InA]/n «

I (S)~(10) KB4 #7 732, JFiiid vH LR
SR, BE o 2R, B 6 R8s
GH4169 & 4 iy il R 4 A2 TE A K T FR IR )i H0 73 5l
H: 0=0.005626, n=4.2643, 4=5.6185X10", 0=486.8
kJ/mol. FAZTESHRBIERE O EHANKH Z 1, If
22l o M GHA169 S4B N )15 Z ZHUK
ZE 5 Bror. HIE S AT, In[sinh(ao)]—1nZ Z[f]
L PR G OC R AT, XIS E T ) FH X 1F 5% bR £
KRN A G AR N A K T R HERA M o

KL, LLZ ZHERIRIG 6 A 23S GHA169 44

In(é/s7h)

(d  w«—0.001s"

Insinh(aa,)

0.72 0.74 0.76 0.78 0.80
771073 K™

4 o MRS GHA169 1 < mili Hs 47 W BV g 55 AR T 0 AR T4 B 2 A PR R AR
Fig. 4 Relationships between peak stress and strain rate and deformation temperature for hot compression of delta-processed
GH4169 alloy: (a) o,—Inég; (b) In o,—Inég; (c) In[sinh(eo,)]-1Iné; (d) In[sinh(ao, )]~ 7!



F25 BH 10 MR w25 o MRS GH4169 & 4N T.47 4 2733

Insinh(ag,)
(e

2
34 36 38 40 42 44 46 48
InZ

Bl 5 o HINZE GHA169 & miil AiEAH N 115 Z 24
115G 2 24

Fig. 5 Relationship between peak stress and Zener-Hollomon
parameter for hot compression of delta-processed GH4169

alloy

1 7 1/4.2643
o= 1n +
0.005626 (5.6195 x10"7 j

7 142643 V2
_ +1 11
(5.6185x1017j an

(12)

ARSI TR 6 M2 GHA169 & 4 il i
i TG RS 486.8 kJ/mol, 5T YUAN 250, LIN
SERTVTRIE (R TIR 0 M 204 GHA169 & 4w ik
AR PR A P MTRT A0, WIUR SR RS J o A
S ZE R O 2 1 E R I . NA PSS
ORI, AV R RSTIIER, Shas g i KA

Z = ¢ exp[486800/(RT)]

10 438
(a)
ol o a6
8 ls
144
S 7} s
= 142
6 L
14.0
5 ks
v 138
4 X X

0 01 02 03 04 05 06 07
&

(1 S AR i () K, Bl 45 AR AR 5 A T ok
o IXTEIRAE B THAE R AZ A R R 75 2 5
PR X S e NP 3 S NS B2 O F e S S T
52 B FST 45 1 (0=467 kI/mol) A Lt A< Szt bt
BHOAS BSRG[N, gRkiHeED At
FAEW, BE o SR, GH4169 &4 148
TEBEREA TN tHT o AHI 2 GH4169 &4
EATE R AEREAE o MV BRI AR AR b FE, 3
RGBSR AR, R & S A
TRy, N, K o A AERT ARSI A A
TS RE M3 = B A BT DTk -

K RV O n In A A o {H T7 153830200
FOARFNAS R ¢ N & 4 mrib R 4 A Ky O FE AR
o, wE 6 fion. ik, 6 M BA GH4169 &4
oL 28 A 75 B A b BT AR T LAY AR 3tk
A 1) FLIR 2 A R U F

1/2
1 [Zjl/n [ijm
o=—Inq| — +||— +1
a A A

Z = éexp[OQ/(RT)]
a =0.02227-0.252756 +1.35957% —
3.47559¢° +4.29896¢* = 2.0391¢°
n=0.21478+61.80584s —330.58133¢7 +
852.8327¢ —1075.21548¢* +524.23831¢°
0/1000 = 461.70692 + 626.92359¢ — 5358.05¢2 +
12245¢% —10417.2¢* +1927.9¢°
In 4 = 24.43954 + 271.54533¢ —1596.23234¢% +
3870.22646¢° —4302.14234s* +1761.54688¢°

(13)
42 500
(b)
97 InA
1450
36 ~
< =
T33F 01000 | —-
<
30 F e
1350
27 +
ul . . . 30
0 01 02 03 04 05 06 07
P

6  ANFENASE R 5 AN A GHA169 & 6 i ifi Hs 45 A8 T A4 75 R kb £k

Fig. 6 Material constants of constitutive equation for hot compression of delta-processed GH4169 alloy under different strains:

(a) aand n; (b) In 4 and O



2734 rpE AT 4 2R 2015410 A
400 —— 400
(@) — Friction-corrected flow stress (b) — Friction-corrected flow stress
o T O Predicted flow stress © Predicted flow stress
/' o) ~
300 ° 300
< <
Ay ¥
= s
e 2
L 200 © 200
8 2 4
2 :
= =
100 100
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
True strain True strain
400 © 400 @
— Friction-corrected flow stress — Friction-corrected flow stress
© Predicted flow stress © Predicted flow stress
300 300+
o] o]
o e
z e
8 200 1s? £ 200
'qé 0000 o9 o 0.1 s7! qé
= =
100 50 6500 0.0] ! 100
0.001s™!
0 0.2 0.4 0.6 0.8 0

True strain

True strain

7 O A GHA169 & 4 i, 1 45 0N 17— B0 AR EEYE A5 1 i 26 55 TR0 i 25 B
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(b) 0.5; (c) 0.6
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Fig. 10  Optical microstructures of delta-processed GH4169 alloy under different deformation conditions: (a) 1020 ‘C, 1 X 102"
(b) 1060 C,1X1072s7%;(c) 1100 °C, 1X107%s%(d) 1060 C, 1X107 s
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