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Thermo-Mechanical Coupled Simulation of Warm Shot Peening of Ti6Al4V Alloy
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Abstract: A thermo-mechanical coupled finite element method, by linking heat transfer to shot peening, was developed for
simulation of warm shot peening of Ti6Al4V alloy. A disk-shape finite element model was first developed to simulate the heat
transfer under different heat flux densities. The symmetrical cell model taken from the disk-shape finite element model was
then developed to simulate the process of warm shot peening. With the method of analytical field, the temperature fields and
thermal stress fields resulted from the simulation of heat transfer were imported into the symmetrical cell model. The stable
residual stress and temperatures fields were obtained after the spring-back calculation of the peened material. Four modeling
cases were designed to investigate the strengthening mechanism of compressive residual stress, including normal shot peening,
warm shot peening and two cases of only introducing temperature fields and thermal stress fields . Results show that the
residual stress predicted by the symmetrical cell model agrees well with the experimental data under the normal temperature.
As the heat flux density increases, the surface compressive residual stresses decrease, while the compressive residual stresses
in the subsurface increase. The simulation results show that the main factor influencing the warm shot peening-induced
residual stresses is the temperature fields resulted from heat transfer, and the thermal stress fields play a secondary role.

Keywords: warm shot peening; residual stress; heat transfer; thermo-mechanical coupled; Ti6Al4V alloy

iR EH: 2018-06-14; 1EEIHH: 2019-03-10

BEES: TR 01988—), B @), YHE, tHit; HRAE: BOLRGEHFEAR; E-mail: aust wangch@163.com

BEEWH: FRKARPIEESE (51705002); LR A APFIEHES (1708085QE123); I T REFFAEH AT H (QN2018106)

Fund: Supported by National Natural Science Foundation of China (51705002), Natural Science Foundation of Anhui Province (1708085QE123) and

Key Projects of Young Teachers Natural Science Foundation of Anhui University of Science and Technology (QN2018106)

SIAtE: Fa, EJi. SHRBOLR ML TieAI4V &8 MBI FE & B EBU). T ERA T, 2019, 32(2): 143-153.
WANG C, WANG L. Thermo-mechanical coupled simulation of warm shot peening of Ti6Al4V alloy[J]. China Surface Engineering, 2019,
32(2): 143-153.


http://dx.doi.org/10.11933/j.issn.1007-9289.20180614001
http://dx.doi.org/10.11933/j.issn.1007-9289.20180614001

144 b B xR T LT IR

2019 4

0 5| 5

PREGRAMFA LRI, TR, brent
REFIPUR PERE, I — BN A TS Tl
LA BIHLRY XU | e e LA R A e 25
b, ACERZARKAR Iy, i 2 —E
AR FAIE o T ) IR A PR ) R 5 R U T BE K
5, P RS SRR BEROR, PR St i ik
o HAETE NN Z MBS &0 TieAl4V,
TETARNH PP 2 BN R G R 65%0, O T
BRE BT FRR T SE R, BOURLE AR 2
I o WAL A — b 4 AR R AR BEHEOA
A o AL ek BRI, )RR R SR I
RIZEAA TR TR0, DT 5 e A4 4k 4
WETFHRIE . BB ST BT MU S REY

AR [ AR BLSR AR BEAT TR RY
WH5E, Ik TARZFRRBULERL T2, Flin
WAL, RO, OIS, EOEmLt
PR 28 KAL), Al AL, g AL i
X4 T AR 15 R T e E AT R A, e
IVEASIERE TS, SRR TR . WA 1 R,
1 A M L S P T 2R T — ol A g U 7
WSS LA A R A — A, R — Ak
ST s S LR A B R R R, 34—
ANIE T by R R R R e TR AR
Ui, 1. PORTEMISS HAMR G, AR 1o
FUASZ R R R, PO U T
AR AR TR BT, SR v L B L
TIZANAE R T, HEMISEL T E ORI .

Cold air flow with shot

Hot air flow

YLLLLLLLLLLLLLELE.

IR RN

77 7 777 7 7 7 T I ILLLLLLLE

N

bt

N

BT IR AR R

Fig.1 Schematic of warm shot peening!*!

TF 5% K B e 1k M8 AL A B 8% A7 0B 1 A2 M A
BERZ DS RZ MG AR RN 7, 3R ER AR R
FITRBENS, SR, ST ERmALER L T e
A AT 4RGE, X FEAESE TR OX4
H B A AR B AR SR A, A e T AL SR b 7R
H, SZIERDR 2 B R 0 AR HE A A0 R g iR ARk
TR RN o QBUAF Y FLE AL RN R T A
SRS Ly SN OT =T IE- B uN A =G BN 1 PO oW
Ui AL R BUE AR AR 2, X BRI TT
BEAI0S B AU RN DEM-FEM FEA A0S
DL} CFD-DEM Hi A AII0 25 fH 3 SR AL E A
AN T2 5 T = ek o 28 i 0T B 3 RIS T 351
e AN

BT H A G T = iR USRI T2 B E A
BUAR , 38 sk N7 R L G S AU AR R s T 0 A%
PRI 2 TR LB AL Ti6AI4V &4 i FEEfT
RGBT, Il PR T AR
FE R TR AL IR FR AT R S s AR HLEE . 58 SR mT
S ol A 7= v IR AR AL T2 S8 R H
— RS ATIE, X RRBLER L T2 S EE
et BA o EE AR 8 L.

1 AigiRE

1.1 ETFREEE TR ARMIEER

WS JUSR AL — A 2 B L 2 v il 4 S AR R
AR . ARSI s B fEF T, MR )
AT NS R A B NAE, BIE SRR
HA SR, S E AR RS X sl
TE 0 37 56 42 52 ARH A R R RL BT s ], AR A
RN 7. AR 7 e R gk Y R e E R R
Koo PRI R FH 5 305 10 A A A T 2 M S sk
JUER AL R OCHE , WFTE RO b B
T, BEE R AERMBEI, Ti6A14V &4 RIS
LN R N s DA B VAR YU O ol 1
Gao Fll Zhang™"! S5 T GO 7 s sh BRiS, X
Ti6A4V GE&TF R T —AH R E AR

ol =0 +KE) + [&tho + ?(ép)nl]
. o1/ VP (1
aTln(i)]'{l—[—ﬁTln(i)} q} W
&y €0

K, o MBS T1, ocE sk
A B B sFam =4 N (06 =60MPa), K.

-exp




92 W TR, 2. EEBLRIL TICAIAV &4 B TR A B E 145

i Finy 2 8 5 5 88 A6 A OC 09 M ORE R B (R =
660.4, 1=0.053, n1=1.0), GnonZSHE R
I 1 (o =1248.7 MPa), §ESLbRE % #%
(¥ =2133.7MPa), nJe 2L ZE, a=kB/
(aon3) , B= kB/(gon3)(kB J& Boltzmann %%,
G ZHIVIf R (G =42 GPa), b J2 Burgers K/
KN, goRm 2 XFLIERE, aofgo WL FI{H),
&0 Flés0 50 M Fe 7R 2 25 AR MR I 5 2% i AR %
(£0=3%x10%s7", &0=1x10"s7Y), p Fl ¢ HOE
PRI EE (p=0.6, g=1.0), ZAEAIAE
5 WA b TN TRLE S R Ry 77~998 K, AR R
S 107°~10°s ' 1Y Ti6Al4V & 12T . TEE
TR R T, Z WM RHE SRS Tk
Az e I 78 238 S R e i AR A B XU AR . AR
K FTZA AR AR Ti6A14V A4 1 = TR BT
sk AR AE R . el H TR
MEFREF VUMAT, B ZAMBA i A A FRIT
At (ABAQUS/Explicit), FAE Ti6AI4V A4 1L
JUsBAL AR i B SIS RE J7-AR MR 3

1.2 ARBERRTITERAISSH

ABAQUS/Explicit Y A1 8T 2 7 #2101
VUMAT #2 4t 1 %5 A 34 5 A0 (Y 5 50 0 A8 3 4
(Strainlnc), 34 HIGHTH Cauchy N J1 R 2
(StressOld). 7&F (TempOId) FKH T AR AR
i (StateOld, JH TAFA#SERUBIEN A, i sh I )
SRR RY) %, XN VUMAT WP RARHE T 7 i,
TEXANEA I, Ti6Al4V & &AM EIRAE A R
JCIH AR SIS R A

(1) \ ABAQUS M EHH 7 F RT3 A
TG D 0 AR T Ae . 3G 1D TT IR A B
Fooa W ETowa Uit 81N F10mo1a" F1AE B8

S 2P
SLE01d ©

(2) ARAR S S TR AR Sy o
B S

trial

O—HBW

= 0old + Mrace (Ae) I + 2uAe 2)

S e = i — trace (o) 1/3 3)

b, A R, T B AR AL
g, SRR AR RN o

(3) K1t Mises i IR R FIA, I WA RHZ

R TR
trial 3 trial . ¢ trial f
Fhew = ES new - S new — Oo1d “4)

FFUA <0, BRRRAETER, onew =0,
YHG PR R, #Fhay >0, ME&
A, #EAT—.

(4) T 21 A B S 8 B AP

A& = AEPQ (5)

3 S trial
0= \/j — ) — (6)
2 [ Strial . Strial

new new

A, ASPRAFRUBYEN R, QF R ik
FA L] B —> sk
(5) BT B AR, 4% Frew = 0

3
Frew = 1/ Snew S new = Oboy, = 0 (7)

Snew = S iy — 2uAE*Q (8)

(6) KA (6) [RAAZ (8), 715

VeuAs?
Soew=|1- _ youas
S sy

(7) ¥ 2230 (9) M #EAT sk XU LE 5, 15
FISETAFRIBE N AL AP AL T R -

S 9)

2 . -
\Eaiew%wéh S S (10)

i#7d Newton iECR A (10) 15 3] 554098
P 1 AR A AZP

(8) BB SR IR LN AL FIN ] -

Epew = &by + AZP (11)
Onew = 0 —21AZPQ (12)
(9) BB :
no®_
Tnew =1lold+ j GgdeP (13)
PmCp Y0

i, AR SBYERERIRE R L A RE A B4 1AL



146 b B xR T LT IR

2019 4F

K, WHEN=09~1.0, [F ader R bRl
PERERLAE, om WIPRHIVHEE, o g IR LR

(10) K BT AR BE Toew  SFRCIBMEN AL 8D, T
B RIBAE RS R By (Bnew = ABP /A1) ARAZL I (1)
AT BT B ) oty o ARE 3R Ti6A14V
B @ A BREA BT A il 2, &2
il anlEl 2 B B9 P R T R PR AR

Read the data from the finite element
code Agv Tygs Togs Ohis g

v

Calculate the trial stresses ofitl, Stial Eq.(2-3)
create the Mises-type yield condition /% Eq.(4)

Calculate the equivalent plastic strain increment Ag? Eq.(10)

!

Update the equivalent plastic strain &, Eq.(11)
and stresses 0, Eq.(12)

l

Update temperature 7., Eq.(13)

|

Update flow stress o', Eq.(1)

» Return

2 Ti6AI4V BT PR (7 552 2 BRI A Mg 580 i x0FRS
ERE RN
Fig.2 Flow chart of explicit time integration algorithm of Ti6Al4V

ally constitutive model based on thermal activity dislocation theory

¥ Ti6 A14V & & 5 T HOE 1 45 12 3l
PG AR 1 VUMAT % A B 54 BT
AU 53 AS [R) AR RN R (3 s I D -5
RCMPER AR R 2, i 3 BTk, BARETUL,
MR PR EET = 296 KRR, A4 46k mw b7 1 21 25
RS AAN S E SRR SR NI TE: I N 52/ W3 s D IV
A RAEAAT Ry Y N AR R AR &P = 2000 71 L
3100 sTURAR Y, bRk R 1Y) Bl 2 I B 1 ) B
E R A RN TR A N U T RT3 g 1
TT 0 o ANGE 2 N A8 SR AE A AT o0 34 S i 1R A A7

H, FET VUMAT W58 45 58 540 0 a9 i 56 45
SRCUHE B B — B, PEMEIE T T &Y
Ti6Al4V &4 H P FRF VUMAT W] S AA
ek

P UATATAVATMTAVAVAVATA

VUMAT prediction  Experimental data
2000 s & 296 K: - - -
2000 s & 598 K: -----
3100 s ' & 296 K: —-—-
3100 s & 798 K: o
6000 s & 296 K: ——

600 [

Flow stress / MPa
o
(=3
(=]

300 |

o4 P> o

0 0.1 02 0.3 0.4 0.5 0.6

Equivalent plastic strain / (mm-mm™")

3 VUMAT B /g1 A8 2k i R i) s
Fig.3 Comparison between the VUMAT-predicted stress-strain

curves and experimental data!®"!

I

AR LA PR TIRE

=8
2 =Simf

]

2.1 SERMBEAGRTER

F T R IR ILER AL Ti6A14V & 4 i
FE, L AR 4 TR A [ A AR A X R e A R E
freima. WEMER R 25 R, EENTR
(R ZBILAIER, R=03mm), R =48\
SR BT ST (DC3D8) X HRIA» KAk .
T HERR AL R 2 IR R R R, ZEfk R
TR R E R 10 pm o 75 % A SR A | 3 im
2 mm x 2 mm 1 OO TR I A, AR
FEA B ¢ =1.5x10°, 3.0x 10°F16.0 x 106 W/m?,
Z IR R RS IR B I o A O R T

Thermal loading region

K4 EREINE LA BRoTRE

Fig.4 Disk-shape finite element model of heat transfer



B2 AL, % BRI Ti6AdV &4 i3 )& 5 ik 147

T
mePE =V (&VT) (14)

A, TOREEE, 2AHE], k=7.955 W/(m-K),
FORMTR, VERRBEE, SR ARG AN, M
S SRS RN P ANk S SUR S SR

gi=he (Ts—Ty) (15)

K, g R, he WMRM R T T B
IAREL (he = 10W/m?), Ty b R 2R TR
T, R FRAEE TR BE o BRAEE L B LA ek 25 THT (14 37) G i
I 296 Ko ZWE R R MR 2 181 T B 3 RE
22 WRREETTE AR TS

TERG IR BOLR A R, (RS2 LR IR B
SE P I R 1 T L v o e 2 T 4 A 1oL

Ti6Al4V I
&
=

R

B, ETA B SRR (] 4) 1 o 32 A XU
— /Ny, @A ANE S BTN X PRI TR . 7RI
X R TR R o 2 AR S B — AT
&, KA TR, 9k R, LK I IARAALY 4 4]
T ot 0 A OE ) %o R 24 B, RS T B o L 1) B
BE, R 4 AP Xk AL p s . R A
i PR AL AL 5 A R T 2 (R A M, JEE
BB 0.2, ZEBIL S MORER A E T,
SUAH H T RFIEAR N, W 2RI, AR
PACTRE B IR o A6 F NI LT e (3R
) WSS LEMPIGEE, v=50m/s, fEN
WALl AT o SR =\ T A e SR BT
(C3D8R) Mz X R Mo ALK 73 A%, didL 5 52
WSR2 i DX A AL BT A RS2 10 pm™Y,

5 XIFRAITTRE AT BRITAAY

Fig.5 Symmetrical cell model of shot peening

2.3 MAOBABERLRRE

e YR M AL 5 T ) A R S S A O A
Kl 6 JT7R o B 2l i B SR A ATADLRr AR}
MG R, SRR 2 s, MRIRFEII
HE T REESWE 7 R, T ROR % E
q=1.5x10% W/m?f{ T8, FEmtbikl I3 32 #i
AT DX e iR BE IR B 119.2 °C5 X T4
T % g =3.0x 100 F116.0 x 10° W /m? i) 5 Ff T,
ORE )2 B R A iR 51 218.4 i1 416.9 C;
3 Bl LT R A R B T 1) 2 2 B 4 B R Y
WA, I H AL, B 7(d) AT 3 AT
BT RS AR B & b o A R, AR T
DL AR IR FE 7 1] 43 A ) L P o A O 25 B ) 48
KiK. R R W E 7(d) H iR
FEHATEUEILG, IF38 S f AT R R B 1Y
PIE RS AW A BRICERL, 15 3% FR i o
BRI WA TR A 1E 8 FTs, %I HR TR % 1
TH 7(a)(b) F (c) FPRIBESIREY

Disk-shape finite element model
of heat transfer

Residual stresses
'}

Spring back
calculation

A
Import i
Temperature field '—} Sym:)??l:;a:);:[ilirg()de[

Sequential thermal stress
coupling analysis

Heat transfer analysis

Import

Equilibrium
calculation

y

Thermal stress field Initial stress field

K6 iR PR S B AR AR ]
Fig.6 Flow chart of thermo-mechanical coupled simulation of

warm shot peening

SR I 07 JIRE A 3 BT HOR T TiAV &
SE R RN R A A ), ARG
RO T WRA A0 A el 9 Biizs, X TR
JEq = 1.5%x 106 W/m?[ T4, Femipbrl Lz 4
DA FH DX SR $ KR4 #7735 51 41.2 MPa;
X TR B g = 3.0 109F16.0 x 106 W/m2{ FiFh



148 b B X T L FE 2019 4F

T/C (a) ¢, = 1.5%10° W/m?

+1.191e+02
+1.109e+02
+1.026e+02
+9.434e+01
+8.609e+01
+7.783e+01
+6.957e+01
+6.131e+01

+5.305e+01
+4.480e+01
+3.654e+01
+2.828e+01
+2.002e+01

700

0¢,=1.5x10° W/m?
7'=393.54 - 60.502z + 10.2212?
0¢,=3.0x10° W/m?
T'=492.23 — 120.81z + 20.3752°
©¢,=6.0x10° W/m?
7'=689.56 — 241.5z + 40.709z*

[=)

(=3

(=]
T

T/C (b) ¢, = 3.0x10° W/m?
+2.184e+02
+2.0196+02

- +1.853¢+02
+1.688e+02
+1.523e+02
+13576+02
+1.1926+02

w
[=3
=}

Temperature / K

+1.027e+02
+8.616e+01
+6.963e+01
+5.310e+01
- +3.657e+01
+2.005e+01

N
(=3
(=}

S

300
T/C 0 0.5 1.0 1.5 2.0 25
(c) g, = 6.0x10° W/m* Z-axis coordinate / mm

+4.169e+02
ggggg:g% (d) Central axis-distributed temperature gradient
+3.177e+02
+2.846e+02

+2.515e+02
+2.185¢+02
+1.854e+02
+1.523e+02
+1.193e+02
+8.622¢+01
+5.316e+01
+2.009¢+01

B 7 ARG L T RO A

Fig.7 Temperature gradients of the material to be peening under different heat flux densities
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