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Numerical study of effects of preload on the residual stresses induced
by surface mechanical rolling treatment
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Abstract: In order to study the effects of preload on the residual stresses induced by surface mechanical rolling treatment ( SMRT) , the
three-dimensional finite element models in conjunction with a novel computation framework coupling the explicit dynamics and implicit statics
were developed to simulate the process of surface mechanical rolling of AISI 4340 steel under preload. At first, the elastic deformation was
produced in the finite element model to be surface mechanical rolled by applying the displacement load. Secondly, the displacement-preload-
ed side was completely constrained for freezing the displacement-induced elastic deformation. On this basis, the surface mechanical rolling of
the finite element model with the freezing elastic deformation was then carried out. Lastly, the residual stresses induced by surface mechani-
cal rolling treatment were comparatively studied after the freezing elastic deformation was released. The obtained results show that the surface
mechanical rolled materials can produce the unfavorable tensile residual stresses in the treated surface, and the maximum compressive residu-
al stresses can be reduced if the preloading direction is opposite to the direction of rolling pressure. The compressive residual stresses in the
subsurface of surface mechanical rolled materials can be further reduced when the preload is released. It is therefore necessary to avoid the
preload in the surface mechanical rolling process.

Key words: surface mechanical rolling treatment; preload; residual stresses; numerical simulation

75 B #2021 -01 — 14

BEE&TH . 808 ARFEIL A B0 H (2008085QE228 ) 5 U T K A& A 5% A4 A HT Ak 5 4 ¥e B3 H (2021CX2061 ,2020CX2048 )
PEB BT AP (1997 - ) 55 LRUARIN N B DF9E A, BN 48 M R T BePE 5 T A AFSE . E-mail ; aust_huxingyuan@ 163. com
BEBRERAN TS A PPN, A S0, E-mail: chwang@ aust. edu. cn



5 8 1

TDGIE | A5 - IO A8 A7 ) 2 T B T8 s S A A% BT 3 582 W) A SR 5

- 1065 -

0 51 &

FE MR AL B — P R 0% AR 2k
TR Z AR R AR A SR BRIE AR 1Y )
H ERENER TmE T TRz L iR
RIE, AR TR T HLRE E | 75 AR R )2 Sk 4
TR KAL , 5 | ABRAY I 7135 , 6 308G T A4 A Tid
JE Ty T B R ST ERE . DR BRI N
FHUZ MR TR AR AR S Tl sk, 3%
BRI 80% LA 1T 28 R 1 8 R AL 3R 5 42 % 5
B IR 0 L 43R T IR f R e T 4 Aok

SRR LR SR AL SR B T2 38 £, &
BURTRIE ) TR VR AR R T B LT E
R ILRE , S8 fdgiz B 45 Gl ad “ 1B 22
RIS HEST TR T ASE S R IAHURS B 2 [ i ¢
A SRR T ESHG T hfk, BH% AT @ %t
6061 44 A e ut TR stk , 15 2 T I A1 T iR iR
ET.EZ%.

UTAER , B PN AR BB 58 A B3 ) 326 T WL TR
sEALIE RS T T BB AL, IR 5T TR B BE T2 350
XFFRATRE JIRIRENR . A H TR IR 5T, B AR LAY
JEAE AR /N TG ELA BT R IR 22 b L fige 2 T AL ARG
WHSRALHLEE P, 38 2 B A s 5 Fh T 22
B R R AL B A% 1 77 00 5 A R TR s Ak B AL
R 7 BB 5 2 B R

MAJZOOBI G H %5 N\ 35055 56 7[R 3 RIE TR
FEMRBA OB  BIFST T VR 0% bR 57 PERE R 52
ZHANG P % NPV ST TR FEARAR TR AT | AF 5T
TR ERRACTR AN 3% T A% S5 VERE IG5, X146
NIRRT ABAQUS #EN TR R
ARSI B9 T IR I R EF ELAR R MR R
Bk 7R ik A 5k A N 1 R R, kb S R AR
ARVOR T AR R A A GE i A BR O K ANSYS il
Mare X V& oAb o B2 2647 T BUE AL, AR5 T 45 Fh
T EBHOHR R AR A N F1 5 m AL, X% B
S NSRBI T il [ A TR R R AR L AR AT
TIRIETZ il A R AR R T B2 2 500HR 1K 5
PBR AR N A1 LA B il 57 14 BE 152 )

25 TR ST R IR K T 2 S 500 H s
FRAYIN F1 52 A K R e R T, SR, B A
&) SCHR I 0, L A 5 T 0 28 4y o) % 1T HLARC R e 5 Ak
FRAYN F1 (52 i HRE

PRIt , 5T ABAQUS A BRIG/HrF- &, £ 4 #or

S HER TR AT FROTRIAL | 3 Hh — o R A RS 5
BBy AT SR RS S0 A X
FET MU i A 5k A% 1 3 B4 52 ), O 2 TR HILAOVR T
S AL E AR Tl W P 200 R B S04

1 ABRRTkAl

FTF ABAQUS H IR 65 , & E —4i %k
T HUARR s A AT RO AL  dniEl 1 BT

X

BT SUma o A e i MU e i AT FROCAS 2

B Bk g B8 =230 12 mm 3 mm Al
2 mm, FRERI EAE R 3 mm, ZEH R =4\ 550k 48
BUF PG (ABAQUS/C3D8R ) X Al A4 Il VR BR AR WY 3/t 47
153 W R BT A% 1) B /N RSE R 0,02 mm ™
TR PR ELA R 5 0 i B RN B A R T LR TR R Ak
AR ARG AT L Z BT AR R BRAL 38—
PO WIPEAR I 27 506 T HBR O

Mkt R AIST 4340 X, %75 K H Johnson-Cook 5
T U200 A A e v WL TR R 5 A 1o e v A 3 A 5 -
S g 7 B

— 7'[) T_T "
oi=tasneys - [ivan S| - (75 )]

(1)
Ko —WBIN T, MPa;&”, &, &l —S5R M I A5 |
SEIAPER AR RIS AR R (ef = 1) s T—IR K
T, T—R R S DL E R, KA, B, C,m, n—H#F &L
BRIt 2 A1, AR AL ) LA FE AR R S50 . A
E =210 GPa JHFA L v =0. 3 FIZEFE p =7 800 kg/m’
EARBUEINZE 1 FTR,
£ 1 AISI 4340 £/ Johnson-Cook 1% 5%

A/MPa B/MPa c m n T,/K T/K

792 510 0.014 1.03 0.26 1793 300




- 1066 -

MLoH T

i 538 35

2 B{EA R A

PSRRI, 22 LR T 5 A i e 1) B
BAUTEZI N 4 AP IEGE, AnfE 2 P,

Wit =
ABAQUS/Standard RS —.@
[ABAQUS/Standardfe—y 2 B p

A

— Bk T R Step2 |
— REL R
ABAQUS/Explicit |<— e ~D v

HEBRIR R it e Step3 |

A
[ABAQUS/Standard J«—] [ #5047

[Siep1]

| BRI | | AR 3 |
2 BOMEATE T R PR H oAb 2 ARl AR

e, B H T R FR ) S B8 (ABAQUS/Stand-
ard ) 383 = 2 ARORA it 2 e (R A RS
I B B O AR R AL TR IE B B ) o

BLR BRI - A AR SZVR BRI IR — i [ (1
SRR RS T ) FE IR FR L3R, I [ 5 v st — 320 5 AEARUAE
TN AR (F) o 32X BRI 8 A , 38 1
AFCARBARA E DAL K/ N HR 0.05 mm' > F10.07 mm;

SRIF KB 2 R W 5 A B 2 203N )
AR ( ABAQUS/ Explicit) |, I 3] 52 kA 75128407 1t o
Uiig AR ZE TN AT 5 [F] B ZE VR BR 0 225 05 Lt Jin &
PERSERAT , R/NA 0.1 mm; IR ER T K5 3 TR shab
PROVRSIEE A 30 mm/s, 7 AIVE I 1 () Path-2, 7R BR
A — DU TR AR T T B )4 0.1 s, TRER SR
WA Z R R R T RO R A T3 R R Bk 0.3,

R T AATRRE 1 R LR s Ak R N 13
S HNG TR R R AL 58 U (1 B AR 1 B T A B Rl
#4128 ( ABAQUS/ Standard ) FE 47 7] 384154 ( #2171
SRS RIS T AT A3 A < BT 28 i A
JCUIMARAT ) o XF TR ey , 76 [ml S+ 5 2 ip
V5 A A T 228 A it ot 14) 861 2 240 SRR 5 2, A BT
T2 A 3R A [l A rp — R AR b T R e
Jit i P4 [ 2 29 B

R T IS BRI R i 7R e b RN ¢ s I e ), 2
FEFEL 1 FPONORA R S T P v T A7 5 A 3T — 2% SR B )y )
()42 Path-1, A T BUE AL 45

3 ZR518

R T WESE TN B ey o 2 AR SR 5R AR A T
HISEIR  2EFE 4 DL T, e . P E LT
F2 HEIMFEA, HE1EEABTUNEMAEHT

MR MR A B AE NS % R 2 M3 3
X IS B RN 287 43 5 F = 0. 05 mm F10. 07 mm , Fn
DAL 1Y 7 ] SRR T A T ) — 3 O 48 4 Tihn
AT R/NS I % 2 A (H T AR

FEAN R R T HLARIR s AL B T 00 F 7R3k T IR
PR M =S S AL AN R 3 s

0

-0.02

{ 4 -0.04

#/mm

-0.06

YR IIN
iz

-0.08

-0.10

-0.12
1.00 1.02 1.04 1.06 1.08 1.10

t/s

K3 JRER T IR M H SR g i Al

L 3 A UL VR BRAE R Bk B b T R RS AR
F£0. 1 mm, AR SRR sl e b e K 4k
JeE AR E IR SR 3 AP B AR A B

M3 iR RS, MEEE T 0.1 mm J5, H
B SR IR E 550 N, BEE TREKIRS) 0. 02 s,
HZ % G0 R 13 Wi K, & K32 77 ik %)
1200 N; 7ETRERIESN 0. 02 s 5] 0. 08 s I B, B %
S SR ISR BT/ | BEAS A T A X R B B ; 7
RERTE D1 0.08 s 5 0. 1 s BB B, Bl 5 1R 2k 2178 &
S B I N TR BR SR 13BN

FEVRER SR TG I By B, N [ 22 1 MLAR VR 1 5
A T80 ] 37 114 S 2 1 R 25 R K BT SR T M R
AR/ B B, XoF IO A [ A8 7R PR ST, D 48 1 W o 11
TR/, R A RN R R R TR 2 MR
3PEAHEAK,

5 R R WU = A 0 R BRSO E 1 2 Oy
IR S350 o, (IEh S33) , AR SCFEELL o, (S33) A
FEXT R BT R IAUIR a5 AN T

P RHUIR R R 5 Ak i R v, A w7 1) 8l 25 1
FInE 4 FioR,

S, S33(MPa)

(Avg: 75%)
+1.597e+03
+9.586e+02
+3.204e+02
-3.177e+02
-9.559¢+02
-1.594e+03
-2.232¢+03
-2.870e+03
-3.508e+03
-4.147e+03
-4.785¢+03
-5.423¢+03
-6.061e+03

K4 shBnh=k



5 8 1]

TDGIE | A5 - IO A8 A7 ) 2 T B T8 s S A A% BT 3 582 W) A SR 5

- 1067 -

Bbh 55 4 BR 42 fiph 1X 38 04 5 K 3 25 TR N J7 36 3]
6.06 GPa, [t IV 1 7 35 M A4 V5 I T 1) 34 ke /s, 76 7R
TR ARObA 42 i X 38R B I S 5 K7 A — RE Y B AR L
I

EF LA BB RL F) HEAT [ 95 AR 2 AN
BT B0 B RS2 IS BER AR AN 5 B

S, S33(MPa)
(Avg: 75%)

+8.162¢+02
+6.494¢+02
+4.827¢+02
+3.159¢+02
+1.491e+02
-1.768e+01
-1.845¢+02
-3.512¢+02
-5.180e+02

-6.848¢+02
-8.516e+02
-1.018¢+03
-1.185¢+03

(a) 77 %& 1 FE U4

S, S33(MPa)
(Avg: 75%)

+7.737¢+02
+6.104e+02
+4.472e+02
+2.839¢+02
+1.207e+02
-4.258e+01
-2.058e+02
-3.691e+02
-5.323e+02

-6.956e+02
-8.588e+02

-1.022e+03
11856+03 L

(QFEFES i §VIE=20)

S, S33(MPa)
(Avg: 75%)

+8.851e+02
+7.208¢+02
+5.564¢+02
+3.921e+02
+2.278e+02
+6.341e+01
-1.009¢+02
-2.653e+02
-4.296e+02

ERe:

-7. et

-9.226e+02

0870403 414
(¢) 77 FR 2R HCTI N ZR A

S, S33(MPa)
(Avg: 75%)

+7.321e+02
+5.722¢+02
+4.122¢+02
+2.523¢+02
+9.229¢+01
-6.768e+01
-2.276e+02
-3.876e+02
-5.476e+02

7.075¢+02
-8.675¢+02
-1.027¢+03
-1.187¢+03

(d) 77 58 3 AR I B A

S, S33(MPa)
(Avg: 75%)

+9.410e+02
+7.720e+02
+6.030e+02
+4.340e+02
+2.650e+02
+9.603e+01
-7.297e+01

-2.420e+02
-4.110e+02

-5.800e+02
-7.490e+02
-9.180e+02
-1.087e+03

() 77 %8 3 B B A

S, S33(MPa)
(Avg: 75%)
+9.086e+02
+7.358e+02
+5.630e+02
+3.902e+02
+2.173e+02
+4.452e+01
-1.283e+02
-3.011e+02
-4.739¢+02
-6.467¢+02
-8.196e+02
-9.924e+02
-1.165e¢+03

(£) F7 e A AR HCHIUIN 2 15f

S. S33(MPa)

(Avg: 75%)
+9.441e+02
+7.761¢+02
+6.081e+02
+4.401e+02
+2.721e+02
+1.040e+02
-6.397e+01
-2.320e+02
-4.000e+02
-5.680e+02
-7.360e+02
-9.040e+02
-1.072e+03

() J7 AT B
K5 RN =

LS ] L AR A TR R B AR R AR BN T
PETR R L IE R A% TR 77 5 BRAE N0 7 A % 4 T
N 72, I SRR He 24 a5 0 iR 33 R L 7 ) i AR K

AR 7 28 1 (B A Tt 190 2% far 1) VR e 5 Ak T
) I 5 (e, e,g) TN, TR T 23 38 FHR A VR R Ak
ST ERAR PN 7, I HLAE R U 4847 (1 T F 3%
AT T I

J T THBRAR A 1 VR BR TR RS A AL a5 A R ) AR
BRERRIE F 35 b E) P64 Path-1 (& 1) 20 A B9 FR ATV F1

w6 fimn,
900 F

- FHE1

600 = %2

- FE3

-, R4

AN N e,/MPa
&
(=]
(=)

-600
-900
-1200 1 1 1 1
0.5 1.0 1.5 2.0
WiPath-1H % & /mm
(a) AR BEIBCHINE Ao T80
900
’ - FE1
600 H B HR2

- HR3
B pEE

AN }10,/MPa

|

= | | |
[5%3 O (=) v
= (=3 o =
(=] S (=] (=]

0 0.5 1.0 1.5 2.0
WiPath-1H9 % /mm
(b) BB 158

Bl 6 AT TB0 T BRAI Iy A 58 5 il ) 23 Afi



- 1068 -

51V R N

38 #

H Il 6 AT UL AT 05 28 1, W 2k for 76 AR A 1) 26
2R =R AR, o 6 4 PR A R A
P 7 5 Ay 52 5 T A R EIUN 28 A 1 T8, 2k
o o} Fie R BRAR N T3 FER A% He 7 7 B TR B 52 M AR /D
XoF TR T 2 i ) 000, UM 28R A SOfe AR 1 B K
FRATER, S/NF IS 1 00, AH XS 5R A TR R 7 TR
DA B g5 KB A% I T TR BESE AN K

R T i 5T TN 2K A Xof 2 TR ML TR 5 Ak
RN IIRE  EE AT R 1 SR 2 ML
4 BRI A I 7 FR

900 F
b —O— A MBS
600 F - A BTN 38 ot
b g —B— BECHEUIN A
g 300F
s oL
© n
ﬁ:,:( 600
-900 |
_1200-— P B R B |
0.5 1.0 1.5 2.0
#5Path-1 99 B /mm
(a) TR 5T R2E
900 E
—o— BAT U AT
600 - —O— A B TN 28 e
. RN B BB
£ 300 %
& .
o 0k
R
2 =300 F¥g
&
= -600
-900
1200 o 0wy )
0 0.5 1.0 1.5 2.0

#rPath-1 89 B /mm
(b) R R

P78 % 2 i WU e 3 AL 3 AR L T B4 50

K7 b D55 2 A 3R 4 TN A K/ MR B
T M . L7 Hnl LU ) . B T o 45 ik —
S KM 22 S W36 J2 B BR AP 7, I/ N R
FRAYHER 7, o A %6 4 TR B R i 2

H G AT DL 8 00 2 s VR 2EA T 26 I ALARR R
bR %ot HL T B BR AR 1SR AN F B b 2R 2 B
A sy v s DA [ N A R SR N3 % AN VAR
S IR0, I ELRB 0 28 i 2 a0F — A8 i Ja) 3 o o
R MU TR iR A 5% 43 B AR s2 g, PR, 76 3
TATAILAR VR R 58 Ak T2k 2 v 7 24 b f T 4 7 32 T
o,

4 ZEHE

N T RGO AT o R AL T B A AR AR

BSR4 SCHE T ABAQUS ARG/ E&, dr T
AR 3R A = 24 FR TR |l s 1 X3
J12% ( ABAQUS/Explicit) 5 [ 2 # 1 2% ( ABAQUS/
Standard ) , B4 T FUIN 2% AT VE FH T (0 2% T HLAR VR o
fhid 2, AFoE L SRR .

(1) EAR TR AR ER T A B 3, 2 i ALRTR
JEiRE A IS AR R ER S S 2 i ek K SRR M R E
FI S /N 3 A B B, 0000 28k A 2 184 A I R A I B
HITRER X T7 5

(2) R AR AL S Fe W 2 2 B R 2 7
A 3R BIBR AR F7 , (H TN 28 for 45 5 B0R SRk
FAIARBE 2 1T 7= A SR AR PN T 5

(3) AR AR BTN 28R faf T 50, 2 T AILARR TR
Sif LU BT I 2k Aoy 2 AR TR R SR A A o K A
FEIV 77

(4) FEXHF IO Ao I ) 508 1 5 1l — B0 T
L, VR R 77 T A 52 B4 T 28 47 2 30— 2 1 55 A b4
R MIFRARERL T

TEEASAD 2 S0 2 A UARIR e Ak BB A A 2 e
DAL R it A B 4% N 1 1 5 B E SR — E Y FE

B,
£ % XUk ( References) :

[1] DRECHSLER A, DORR T, WAGNER L. Mechanical sur-
face treatments on Ti-10V-2Fe-3Al for improved fatigue re-
sistance| J ] . Materials Science and Engineering A ,1998,
243(1/2) :217-220.

[2] ALTENBERGER I, SCHOLTES B, MARTIN U, et al. Cy-
clic deformation and near surface microstructures of shot
peened or deep rolled austenitic stainless steel AISI 304[J].
Materials Science and Engineering A ;1999 ,264(1/2) :1-
16.

[3] NALLA R K, ALTENBERGER I, NOSTER U, et al. On
the influences of mechanical surface treatments-deep rolling
and laser shock peening on the fatigue behavior of Ti-6Al-4V
at ambient and elevated temperatures[ J]. Materials Science
and Engineering A ,2003,355(1/2) :216-230.

(4] R, 2 L (R R SR AL T 2 40A )] R
#1,2002(2) :16-20.

[5] W17 &k, B8, WIHERK. R IE T2 E WA & J2 5l )
[J]. WIRERAE2A 4 AARRLA2A41, 1994,16(2) :98-103.

(6] iz H). FREL LB T Bl B f VR T 228 [0 ], BT
AL A BE 24,2012, 14 (1) :70-74.

(7] &, ZRGE RIS, 55 RIEX 6016 554 & s i
PAVERER M [ )], AR B TR %440, 201,39 (1) :84-
89.



o

5 8

# TDGIE | A5 - IO A8 A7 ) 2 T B T8 s S A A% BT 3 582 W) A SR 5

- 1069 -

[8] PRABHU P R, KULKARNI S M, SHARMA S. Multi-re- and Engineering A ,2009,516(1/2) :235-247.
sponse optimization of the turn-assisted deep cold rolling [13] ZHANG P, LINDERMANN J. Effect of roller burnishing
process parameters for enhanced surface characteristics and on fatigue properties of the hot-rolled Mg-12Gd-3Y magne-
residual stress of AISI 4140 steel shafts[ J ]. Journal of Ma- sium alloy[ J]. Materials Chemistry and Physics, 2010,
terials Research and Technology, 2020, 9 (5 ). 11402- 124(1) :835-840.
11423. [14]  XUkEHER, FWdE, S 2 R EA RITAREREEERI )]
[9] HUANG X, WANG B, ZHOU J, et al. Comparative study P T AR ,2012,19(2) :17-21.
of warm and hot cross-wedge rolling: numerical simulation [15] w0 =R, MR Rk 28I 14 B oo o b
and experimental trial [ J]. The International Journal of [J]. P E7KIZE ,2009,9(4) :107-108.
Advanced Manufacturing Technology, 2017, 92 (9) [16] LA, /M. By KGR IR MM ikid
3541-3551. FRABE AL ]. #0712, 2010,39 (11) ; 110-
[10] AKOPYAN T K, GAMIN Y V, GALKIN S P, et al. Ra- 114.
dial-shear rolling of high-strength aluminum alloys: finite [17] EAR,EZ® R & RERMAIRARN 15
element simulation and analysis of microstructure and me- {HAF B AT T[T T 24,2008 ,25(S1) ¢
chanical properties| J ]. Materials Science and Engineer- 113-118.
ing: A,2020,786:139424. (18] XUZRE BB, i, 45, b il 190 A 7 T i A A8 A -
[11] CAO L, LIX, WANG Q, et al. Vibration analysis and nu- FTIRFRMTFFELT]. WEEHL TR ,2007,28(4) :61-64.
merical simulation of rolling interface during cold rolling [19] XUz BepE R, AR, 45, M4 7R T T A BUE R
with unsteady lubrication [ J ]. Tribology International, [J]. NBABL2A% ,2008 ,26(3) :283-287.
2021,153:106604. [20] JOHNSON G R, COOK W H. Fracture characteristics of
[12] MAJZOOBI G H, AZADIKHAH K, NEMATI J. The three metals subjected to various strains, strain rates, tem-
effects of deep rolling and shot peening on fretting fatigue peratures and pressures [ J |. Engineering Fracture me-
resistance of aluminum-7075-T6 [ J ]. Materials Science chanics,1985,21(1) :31-48.
R ]
A5 AR

WIME,E AR . HONA AT UM LR A T VR G D). BL T, 2021 ,38(8) : 1064 — 1069.
HU Xing-yuan, WANG Cheng, LI Kai-fa, et al. Numerical study of effects of preload on the residual stresses induced by surface mechanical rolling treatment

[J]. Journal of Mechanical & Electrical Engineering, 2021,38(8) :1064 —1069. (UL T#) 2435  http . //www. meem. com. cn





