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Research progress on friction behavior during thermoforming for
automotive sheet metal

Deng Liang
(Mechanical Engineering, Shanghai Institute of Technology, Shanghai 201418, China)

Abstract; The thermoforming process using boron steel and aluminum alloy sheet metals as workpieces has been widely used in automotive
manufacturing field to realize lightweight and improve crash safety. However, under the conditions of high temperature and high pressure
in the thermoforming process, the friction and wear between sheet metal and die lead to sheet metal flaring, die wear and forming devia-
tion, which in turn affects the production efficiency. In recent years, the domestic and foreign studies show that during the production cy-
cle of thermoforming, the friction behavior is comprehensively affected by the factors such as inner coating of contact interface, surface
morphology and decline of lubrication effect. In order to predict the friction behavior more accurately, the simulation of friction and wear
for industrial applications is moving from the macroscopic level based on contact conditions to the mesoscopic level considering surface
conditions. Therefore, the tribological research in the themoforming process in recent years is reviewed to provide support for clarifying re-
search direction and carrying out further research.
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Fig. 1  Typical production steps of thermoforming process
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Fig. 2 Adhesion wear formed after 400 times of thermoforming for die (a) and galling on corresponding sheet metals (b)
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Fig. 3 Schematic diagram of complex friction behavior between

sheet metal and die in thermoforming process

1.2 GEBFIFRER R

N T RREBERERL Sy WD, BE T 5
A HEN . Yanagida A A1 Azushima AVSERES T
T PASOE T2 b BE S 4S  ARR MR, O EL
WFSE T AEAS AR B2 AR 5 N Y TR S8 2 ] Y
AT R KL M IR TE R LU T A S 1B 1k,
[ (A v R A . EARAE B TR
FIE TOUN WA S5k R AT PR RE DN U0 A JBE 4
PRIBSURI A S AR 7 2 ik 2 TRI S i 1 1) 3 2 T WL 285 4
75 T B T IR BE AR g | IR B A R
RAAEY R 800 C LT R B HLR A2 15 Y fin 4k £
et AT A AR 0 0 2 AR T RS A S, 4R v
W EfE, Ghiowi A 2PV Xb A8 LA A& LI
TERABIE TOUT iE i PERE B9 & B, BE PR IR
TR R Ak i i T ) A D 2R B RE 0 R I Y
TR, A S50 T 0 B (0 b R BE ) RE 8 A 2%
S RAG F UL A o RUR R KRS % T 4
By g PR S PR

T 0 )6 P T R R 5 1) A TR R R SR
RESREERIRE, AR TR (41 PVD IRZ5%)
REMSAT S5 B vy T B a9l /3 O i) T 7 ) T
IR TS YL [ B, Dessain C 2512 8 T 4R 2
TAHERROE i B P Y BEEAT O, e I AL
PR RS B 5 R B AR A RS, SRR RTE Y
BT 5 A A HBE 0 A A5 M B B B REL De-
croznt-Triquenaux J %5 7 i i M A & 106 % 58 T 484
H DLC H1 PVD IRJZAEH G & PP 1 P BE 422
PERE, A HE J82 IR 052 3 TRDHURE B2 A9 52 el B, 78
e M LU SR A A, E— PP RN,
PSR 25 b 2 15 A5 1) T30 B 10 90 700 A T I 37
JE R R AV e 458 DX BBOR Do 22 B AURG 45 B EEAE A,
FLURJZ P75 B 40 00 28 6t 485 S 451 i A A e
EME Mozgovoy S ARVt LR B FH A AR L
PVD RJZHATORSE, KILTCHZMN T PVD iR )2
T LA 3 k1) XU RS 0 o B 1) 1 AR ) B 4
PRI, W A4 I 8 15 R 20 R 4 M RE AN ERUE
AT X AR A TR UL B 2 30 T B e ) O ) DR 2
S5H, R IE o3 BT B ADURG 45 W0 TE T B4R 2 b R o
FREEH, 15 BRI 2 SRS a5 W e i 2 b T IR
IR H T REJE S W FE R IS I R, IR JZ
PR L SR A S5 M TR FE S Rt b, B2 2
W BEAEAT N I E S RN R
1.3 BEHBEERm

BEEDTTERITRA , JBE SR ALTE A ) 4 ik 1) 24 Jo ) J2E
BT IR EEEZHTAGN, Hardell J Al Prakash B
W% T HBIEAE 40 ~ 800 °C B i BE BB 5147 Hy , BF
FERI, PGS 25 45 b A TS | S ) R
VA [ ey, R 4 DR BB O R 1) T v T R AT
X TR IR T AR B AL Y B 6 R R AL &
(Intermetallic Compounds) 7 25 BERHE , Ml
Tt R A A, A R R, R
B - B IR AR AN, B S AR I P Y 0
JBIERZEWEE TR R, X2 R ECF R
FHESAST IR 2R 1 5 B D 1R A 5 207 ) R R - 2 2%
PEAE S IKIA LB 1 il T PR BN i B 44T
o, RIEACITEE R X EE SRR R B DG
BE IR TR RB T T, A2 R R A o K i 3
s, EIEEEN, (B N4 AL E R
TRV, 5 R P O R E , T WL, A
JE AR AT 18 S5 i ) 2 o B A PR Ao R v 8
SCH A AR 25T R TS5 AR TS0 i 2 Y PR A



5 4 1)

X 5% IRA R BURHABUY i 1 rh B AT T 17

TSRS RS T AR IS A S e T
SRR, F5 BB BB AT AL T T A
B, Fxd Tolk b H e s b e, —AS i 2 a9k
PR 38 R R I ML -5 PO SE PR T 22 57
BER, X BB T 7 2 Ak ) PN S M) X i
N T TEIRAE G B35~ 4/ FR — 4 X 2 A 4 5 B A R 4
RIS ML A 7 BT P S SRR R Y B v, e L
ARSI RS T R R R EE AL, AR
BUAREIRZAE e BB LWRS, JRRIF T X
BB IR EE AT NI GT . AR M B I A LT 3
mk [30] A sCwk [31] B9 TAELL XX Deng L
U IR IR R R A, Hik, B
B Z W e i B AL A E YR T, B EER
Kh4h B R A I 7L 45 /F . Heide E V D 257 FIH
T He S AR BRI, WIH TR bR ARG 4
P R AR B ST, RIS, (v A St
B YR 7R RE A A 5 R (VORG24 I SRR, DT
WRELEYI 7=, Patrik Karlsson 457 78 1 B -4
Xt B P A T LR R T MRS RL, Bl T
K4 SRR I A IR B8R F1 . SR, TEIE S
JUIE 3 v R b — A XoF RS B AT A R ) B
T, IR AIEF BRSSP | BEHUIR SR
AL R M IS 58 oA R R 7R
25 T R B AU B B R I R b R 2 e,
HuFE B B 5 5 R A B 0 IR A 7 1 B
FEREfhE, RE2E Y A RS W R R R R TR
TNARIY A1 | RGEEY 5 b 25 45 0 B 55 22 0y T P 2 0
FIXE R, BT HAE ZFUE R T LT 2
e, 5 Lk, SRERmMMRZEEN, TF
Tt L2 N AR A b A 7 6 40 5 T 2 1 R 235 4 e D T o
PAIE R EAER, DL S B b M ik e i
THRENS AN, EUFRSIE T2 M BT i
ML R E N &K

2 W TIULT W EEAT A WA IRTT
=i

2.1 EEITARBFER

) i s U F R BE B AT D A R L AR BE A
B, PRI A IR AU T 280 B B i) B
PSP HT ISR R A (Y S W A O TR
PR 22 ) JEE R AN AR - T ) R (E A R R T
RS By, Bt A& b, A %00

PEm v E BB B R P, 7R EIRRAR AR
INFIS R ASE KRR A TGS, IR AR AT R
FHAT BR TR A XA 4 7 5 A A P 5 AR R A 145 B
I EEREICE 5 r AR i EE AR S A T 2380
IEAGRE TEE, PifbIRih g, hrak s, M
WA 2L 5 R A XU . B VRGE T TR IR IRy
A PR A 3K I 250 R A BROCXT U B 25l o e
aes . WIER T IMUBEE AR AR BRI R Ty, bR
FEFIATBLER FE 5 BT Z Al O &, A LAk v i
WL EASHEARME T4 T, X R A AW
G R AR (R iR R TEIE A, A DAL E R
P A A T R A A
2.2 FEFERHEEZE

Hu Y 28 78 BESEAT R W BUE AL v 5] A 3 1T
TESUERAE , il T S AR R AT B -
OB G S INIE T0L, JF A T 40 i &
FEAE R PO i % A5 BB A Y, R R 2 T AR
BERIFELE ) T RS R ST, 9 T HELAS 3 o B 4%
AT RIS, SR, AR SRS B T ek
PAFRAES PRI R HTTE S, Pelcastre L™ 3@ 33 4
v RN R EE 2 0 S e i, AU R R fi
T IRHE & 2R B Z 24, AS[R] 1 2% DR RS
BE AL I e AN B A T R A RN,
FiA, BEEAIA I T BeRn B 45 R R v ) R AR
Ko FEA—FEMIESZ R, Deng L2 8T
WIMGR N 07 o] 5 EEEEE O m i KR, ik
S RALE BB A A C S, F R, DA
&I B 2 M 200 TR 40 A 1) 00 A A8 Xf A M O —
SE MR B S5 W SE PR BE OL * ,  T S
SRR S RO ORI RS NN LLR
P THA T,

B, N T RAEEEEE I B R, X R
A7 B RSB HOL TR B DA 40 B 458 2 4 0 B G o g
G . KA BRI D RS e TE - Y EE A RH )
SRR RO R R E | S ALY RN 3 R 4
RCRYTR 4K, Archard A5 EITA Sk [F A 2 1] A B 451
SRR T 0™ AR il ORE 5 4k 2E Y  AR
e BB R A (RIS ) 1
Wh b K B 5 S B E R . W R HE B R i
H' 4 Deng L %V EEF Archard B AIZE A 5
T R G B T A T T i S A Y PO R L
MBS AL sy 7T A RS (IR,
FESRAE) SRR AU AR e N T, Of S A



18 B

kO OR

A7 4

B X HE T Archard A5 7Y ) 2 3F 78 87 FH T 5
T 4w 28 B9 W 58 5k WL T STk [45] A0 SCHR
[46] 4%,

HK, T I BEEAT v A, BFSE
T L R0 i 28 A 0 380 A WL 8 LA 2 T b Ry R U
FEY . BT OB 355 . Greenwood J A Fll Wil-
liamson J B P P/ e ar T2 F ok o™ AR R
PRI T A FE AT AL (BRSO AR Y Al AR R
A& CUDNNE S [ DR IEU RN NE S | B o S
&, SFEGIAIBVEREBOR 53 P BB AR . H AT
IR LT SCHR (49 1 FISCHR (50, SR, R
FASEIRY 22 S B o B R ) i BT A 8 R SR R
AR 3 T H R G T (%) 7 AL B RS R 1w L
PSR A far FIAZ A 00, 3X AT B 2 A0 ] — 3R i 11
PR Z 8] ) BB RN R AR IR (R S
2.3 M TEZITAREBEREL

SN BESEAT O BORG 4 AL 0 FLA AL 2 22 HAS —
FENR . Westeneng JU BRI A9 60 A7 T
NEVEITS 32 172818 g 5L (Plateau ) , i 115
PR R T PP A o 98 o A b 30 T WA 2 ) R4 L T
PG AR TITAR (4 M 46 7 A1 A5 78 R AT SR A5 A 7 A
BHGRLEZ A EEE ), R SERIRESE 5 i T 4 fi Bl
(1300 00 A5 00 % R S T M Y 1 T AR
A RORT B A AT L i 78 E A A b i A 1y A
T4, REEMSECRM RT3 1 54
il TR AR, BE LS TR R R 45 Aok AR b RN 4 A K
(Junction Growth) DT AS 2 EE SR RE Sy Sigvant M
SR — A8 RO ph R BB TR
Ve i AR 05 L o PEAR R BUE SO TR R | N AR R
1B TRDHEURE B2 119 oR E5OR X b o T2 A7 40 b, SEBR
b, XELEMED B PR T2 S B0 R e 1 3
PR 458 TR B30 1) 0B I, 4R B s T A ORUE
W2 LA T LA 2% . ok, R 2 HRUE
RO R Hok, B B RDRS 2 BE
PR B S AL R AR W AR A, BT 2 TR
fa e 5 42 fh 1) 4% ot 22 [ AT BB A AN AT 220 W 1) AH L
YERT; 135, W0 1h T8 09 30 4 43 A3 AU IR B
TIFEDGE, TERFSE R R ] BE S A BORMUE
TERAL RS 2% IR R TR A, W] RERRAS A2 L) S ke
SEBRERTE BRI TO5 | AR SR SRR,
AREZ UL R BRI (AR ) N SR A A
Wi s 34, BT OR T i T O0 T AR R A
(GRE NP7 R (VAN

3 %4iE

LR BOW BB T 00T B BE 4527 050 & RS
B REORE , R EE A L PR A 5 T AT R
BTl AR EE B A — 28 1], I AOCTE
T WA fith 2% 1 5 RE 48 DR JSORH S AP 1o Jay 3 4 flh 2% 71
SR OAS A AT 5207 1) 4 . e o BEASE AU A o T
TOCHY BE ARG B A i BAR R, FEAEAT N A MER 4L
(EARBOMBNAD e Fp 2 iR . 10, X T4
S EACEHE N TR e TR 2 W ST Ak T R R By
B, XEERBAARE A . D500 R
D, HAHTIE

(1) H RS A 5 PORIE 52 Pr T 00— 2
PEATRIE— P IRTY . 8 -85 W L S b ol T
AR R S AR BESE OE N B, T RESS R T A AL
VBRI 2 RGBT T, R B 4 A 2 A A ] RE IR
T A, LT, P RE B BT AR TR [
JEEAEAR 6 0 46 (14 SCHIR S T PP (Y BE #5247 W BIF T 245
T HYE L

(2) BB BRI o 1 A JEE 48 2 F 5 G G T
MRS R 1) h 2 T A G T A, TR
A SR PN R TR A L A 5 | A BT AR Al
PSR B2 S TN Sy 8= TRy g R fipsi e ]
JREAGEAT SR R it I S s PR U A 1 bt i A 4 7 2
R

(3) BUA BRI 2 MR BE S R A 5
WA 25 15, A4 SO 38 55 19 23 B IF 58 R 44T R
SRR RS R v, R iRl A 1F, s Sy A
ST RS IE A SIS BUBURLRY 2R | R T Y
TAEREAR)Z | A 5 2 R 9 0 A 1 LA A
TET PR A VL5 R v AR DG, TR 8 1) A B A DX JRE 482
P AL RIIFTE IR RS [ S A E AN

BEE FE N PBOE 77 4R BBl T DA B4 R ML) %)
PRTEAF R R TR, R S5 BB T H i
B ARG T A BN ¥ R RO A ], FTRE
SEIMBEI A T B, 524 B R EE SR
R WLEEAE) () 22 b AR 0 2 S BX BE 4817 O s
OIRT . R T B, R R TS R WL
IE 1) A WA AT e R
SE Ak
[1]  BillurE, Berglund G, Gustafsson T. History and Future Outlook of

Hot Stamping [ M]. Switzerland: Springer International Publish-
ing, 2019.



5 4 1) B

5oy R E ORI 1 T BRI AT D B 19

[10]

[11]

[12]

[14]

[15]

[16]

[17]

Berglund G. The history of hardening of boron steel in northern
Sweden [ A]. The 1st International Conference on Hot Sheet Metal
Forming of High-Performance Steel [ C]. Sweden, 2008.

Mori K. Hot stamping of ultra-high strength steel parts [J]. Jour-
nal of the Japan Society for Technology of Plasticity, 2017, 58
(673): 125-129.

Karbasian H, Tekkaya A E. A review on hot stamping [J]. Jour-
nal of Materials Processing Technology, 2010, 210 (15): 2103-
2118.

Mori K, Bariani P F, Behrens B A, et al. Hot stamping of ultra-
high strength steel parts [J]. CIRP Annals, 2017, 66 (2):
755-777.

Suehiro M, Maki J, Kusumi K, et al. Properties of aluminized
steels for hot-forming [ A]. International Body Engineering Con-
ference & Exposition [ C]. USA, 2003.

Bariani P F, Bruschi S, Ghiotti A, et al. Hot stamping of AA5083
aluminium alloy sheets [J]. CIRP Annals, 2013, 62 (1) 251-
254.

Miller W S, Zhuang L, Bottema J, et al. Recent development in
aluminium alloys for the automotive industry [ J]. Materials Sci-
ence & Engineering A, 2000, 280 (1) . 37-49.

PR FEMBSERRENL [J]. KRELZS5HE,
2017, (7). 1-18.

Dong X F. Body material and body lightweight [ J]. Automobile
Technology & Material, 2017, (7). 1-18.

FIib, PN BTRBIR I R AL BOR BRI RTRENE [T]. %
FSCHHEAR, 2019, (10): 38-40, 57.

Wang S, Sun Y. New energy vehicle lightweight technology route
and application strategy [ J]. Automobile Applied Technology,
2019, (10). 38-40, 57.

Garrett R P, Lin J, Dean T A. Solution heat treatment and cold
die quenching in forming AA 6xxx sheet components: Feasibility
study [J]. Advanced Materials Research, 2005, 6-8; 673—680.
Harrison N R, Luckey S G. Hot stamping of a b-pillar outer from
high strength aluminum sheet AA7075 [J]. SAE International
Journal of Materials and Manufacturing, 2014, 7 (3). 567 -
573.

Vergne C, Boher C, Gras R, et al. Influence of oxides on friction
in hot rolling: Experimental investigations and tribological model-
ling [J]. Wear, 2006, 260 (9-10): 957-975.

Mozgovoy S, Hardell J, Deng L, et al. Tribological behavior of
tool steel under press hardening conditions using simulative tests
[J]. Journal of Tribology, 2017, 140 1-14.

Hernandez S, Hardell J, Courbon C, et al. High temperature fric-
tion and wear mechanism map for tool steel and boron steel tribo-
pair [ J]. Tribology-Materials, Surfaces & Interfaces, 2014, 8
(2): 74-84.

Mozgovoy S, Hardell J, Prakash B. High temperature friction and
wear performance of PVD coatings under press hardening contact
conditions [ J]. Advances in Tribology, 2019, (1) 1-15.
Hardell J, Prakash B. High-temperature friction and wear behav-

iour of different tool steels during sliding against Al-Si-coated high-

[18]

[20]

[24]

[25]

[26]

[27]

[28]

[29]

strength steel [J]. Tribology International, 2008, 41 (7). 663—
671.

Yanagida A, Azushima A. Evaluation of coefficients of friction in
hot stamping by hot flat drawing test [J]. CIRP Annals-Manufac-
turing Technology, 2009, 58 (1) . 247-250.

FAR, fLRM, B, S RSP B S IR AR R R
WAREPERRE TS (], BRI, 2016, 36 (2): 233-
239.

Wang W, Kong J] C, Gu W, et al. Experimental study on macro
and micro characteristics of powder lubricant layer in frictional
warm interface [J]. Tribology, 2016, 36 (2):. 233-239.
kA, skE, Bdhdh. BISOOHS AII4K 800 °C wit & Jt ik K3 A
HREPERTSE [J]. HEEARSHUR, 2019, (9): 106-110.
Zhang W, Zhang Y, Chang J J. Investigation about power lubrica-
tion characteristics on the interface during 800 °C stamping of steel
B1500HS [J]. Test and Quality, 2019, (9): 106-110.
Ghiotti A, Bruschi S, Medea F. Wear onset in hot stamping of alu-
minium alloys sheets [J]. Wear, 2017, 376377 484-495.
Dessain C, Hein P, Wilsius ] E L, et al. Experimental investiga-
tion of friction and wear in hot stamping of Usibor 1500P [ A].
Proceedings of the 1st International Conference on Hot Sheet Metal
Forming of High-Performance Steel [C]. Kassel, 2008.
Decrozant-Triquenaux J, Pelcastre L, Courbon C, et al. Tribologi-
cal behaviour of PVD coated tool steels in hot forming of aluminium
alloys [ A]. Proceedings of the 7th International Conference on
Hot Sheet Metal Forming of High-Performance Steel [ C].
2019.

Lulea,

Decrozant-Triquenaux J, Pelcastre L, Courbon C, et al. Effect of
surface engineered tool steel and lubrication on aluminium transfer
at high temperature [J]. Wear, 2021, 477, 203879.

Mozgovoy S, Hardell J, Deng L, et al. Effect of temperature on
friction and wear of prehardened tool steel during sliding against
22MnB5 steel [ J]. Tribology-Materials, Surfaces & Interfaces,
2014, 8 (2).: 65-73.

EIAEME, ZEMEMS, THAS, AF PRRPGPE AL A v R 4
BitkRE [J]. TRBER, 2019, 41 (7): 906-913.

Bai Z X, Zuo P P, Ji J, et al. High temperature friction and wear
properties of two hot work die steels [ J]. Chinese Journal of Engi-
neering, 2019, 41 (7): 906-913.

FSOWR, X5, Bk, R E E Hal R U EORF
L [J]. Al HlEEoR, 2019, (16): 22-35.

Wang Y L, Liu Y, Geng H C, et al. Research progress of hot
stamping technology for high strength aluminum alloys [J]. Aero-
nautical Manufacturing Technology, 2019, (16) . 22-25.
TLARRE, M, ERIR TR H SO o B
R S UL ML R [J]. LR )E, 2019, 14
(2):99-104.

Jiang F C, Gao K X, Wang W R. Development of a digital high-
temperature friction and wear tester for simulating hot-stamping
process [ J]. Shanghai Metals, 2019, 14 (2): 99-104.
U, FEkok, IR, %, 22MnB5 ARARATEA BUE Y
FRAEE (1], BMEAZE MR, 2019, 53 (9): 1136-



20

B & o R

A7 4

[31]

[32]

[35]

[36]

[41]

1142.

Gao K X, Wang W R, Wei X C, et al. High-temperature friction
of uncoated 22MnB5 boron steel in hot stamping [ J], Journal of
Shanghai Jiao Tong University, 2019, 53 (9) . 1136-1142.

Tian X W, Zhang Y S, Wang Z, et al. Design of a tribo-simulator
for the high strength steel friction and wear investigation in hot
stamping [ J]. Advanced Materials Research, 2011, 421. 147-
150.

Yanagida A, Kurihara T, Azushima A. Development of tribo-simu-
lator for hot stamping [J]. Journal of Materials Processing Tech-
nology, 2010, 210 (3) . 456-460.

Deng L, Mozgovoy S, Hardell J, et al. Development of a tribologi-
cal test programme based on press hardening simulations [ J]. Tri-
bology Letters, 2017, 65 (2): 43-54.

Heide E V D, Schipper D J. Galling initiation due to frictional
heating [J]. Wear, 2003, 254 (11). 1127-1133.

Patrik Karlsson, Pavel Krakhmalev, Anders Gaérd, et al. Influ-
ence of work material proof stress and tool steel microstructure on
galling initiation and critical contact pressure [J]. Tribology Inter-
national, 2013, 60 104-110.

Fout, RBEE. PR EEEBAIT N (] HAT
Ak, 2019, 45 (12): 1-6.

Jiang B, Wu X C. Research on friction and wear behavior of hot
stamping die part [J]. Die & Mould Industry, 2019, 45 (12):
1-6.

0T, ek, WM, AR B IE BRI BE B RO Y A
TABEWERIZE [J]. PEHBK TR, 2020, 31 (16) ; 2005~
2015.

Nie X, Xiao B B, Shen F D, et al. Research on thermal-mechani-
cal stamping forming considering deformation heat and friction heat
effects [J]. China Mechanical Engineering, 2020, 31 (16):
2005-2015.

RACHE, BN, TR, AR VAR B A T T v
AR T AL [T]. PETRR, 2019, 26 (5): 42-
50.

SuY H, Wang J H, Feng Y S, et al. Numerical simulation and
process optimization of dry stamping for automotive interior cover parts
[J]. Journal of Plasticity Engineering, 2019, 26 (5): 42-50.

TR, IRAEFE, BLL, AF. i A e o R A JR A R 45
DIEUAE T [J]. BLE T, 2019, 45 (8): 6-9.

Zhang B, Xu Z D, Huang H D, et al. Numerical analysis on fric-
tion work of concave die fillet during stamping high strength steel
[J]. Die & Mould Industry, 2019, 45 (8): 6-9.

Hu Y, Wang L, Politis D J, et al. Development of an interactive
friction model for the prediction of lubricant breakdown behaviour
during sliding wear [ J]. Tribology International, 2016, 110;
370-377.

Pelcastre L. High Temperature Galling: Influencing Parameters
and Mechanisms [D].
2013.

Sweden: Lulea University of Technology,

Deng L., Mozgovoy S, Hardell J, et al. Numerical study of contact

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[50]

[51]

[52]

[53]

[54]

conditions in press hardening for tool wear simulation [J]. Inter-
national Journal of Material Forming, 2017, 10 (5). 717-727.
Deng L, Pelcastre L, Hardell J, et al. Numerical investigation of
galling in a press hardening experiment with AlSi-coated workpiec-
es [J]. Engineering Failure Analysis, 2019, 99. 85-96.
WREE, BT, WA, S5 BEERAEE (M. 8BS . Jbat.
R AL, 2018.

Wen S Z, Huang P, Tian Y, et al. Principles of Tribology [M],
The Fifth Edition. Beijing: Tsinghua University Press, 2018.
Beek A V. Advanced Engineering Design: Lifetime Performance
and Reliability [ M]. Netherlands: TU Delft, 2006.

Enblom R, Berg M. Proposed procedure and trial simulation of rail
profile evolution due to uniform wear [ J]. Proceedings of the In-
stitution of Mechanical Engineers, Part F: Journal of Rail and
Rapid Transit, 2008, 222 (1) 15-25.

Lee R, Jou J L. Application of numerical simulation for wear anal-
ysis of warm forging die [ J]. Journal of Materials Processing
Technology, 2003, 140 43—-48.

Greenwood J A, Williamson J B P P. Contact of nominally flat sur-
faces [J]. Proceedings of the Royal Society of London, 1966,
295 (1442) . 300-319.

S, FeEe, BN, AF T ORIRIOUL R A b AR T Y
PiRmEASTERE T [J]. PLBR TAR2A4R, 2017, 53 (22):
134-142.

Wu T, Wu B, Wen Z F, et al. Analysis of the wheel/rail surfaces
deformation characteristics based on different micro-contact models
[J]. Journal of Mechanical Engineering, 2017, 53 (22) . 134-
142.

Chang W, Etsion I, Bogy D. An elastic-plastic model for the con-
tact of rough surfaces [J]. Journal of Tribology-Transactions of the
ASME, 1987, 109 (2): 257-263.

Zhao Y, Maietta D M, Chang L. An asperity microcontact model
incorporating the transition from elastic deformation to fully plastic
flow [J]. Journal of Tribology, 1999, 122 (1) . 86—93.
Westeneng J. Modelling of Contact and Friction in Deep Drawing
Processes [ D]. Enschede; University of Twente, 2001.

Hol J, Meinders V T, de Rooij M B, et al. Multi-scale friction
modeling for sheet metal forming: The boundary lubrication regime
[J]. Tribology International, 2015, 81 112-128.

Hol J, Meinders V T, Geijselaers H J M, et al. Multi-scale fric-
tion modeling for sheet metal forming: The mixed lubrication re-
gime [ J]. Tribology International, 2015, 85; 10-25.

Venema J, Hazrati J, Matthews D, et al. A multi-scale friction
model for hot stamping [ A]. Proceeding of 7th International Con-
ference on Hot Sheet Metal Forming of High-Performance Steel
CHS? [ C]. Auerbach:
2019.

Verlag Wissenschaftliche Scripten,

Sigvant M, Pilthammar J, Hol J, et al. Friction in sheet metal
forming: Influence of surface roughness and strain rate on sheet
metal forming simulation results [ J]. Procedia Manufacturing,

2019, 29: 512-519.



