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Optimization of Thermal Spray Coatings for Forming Tools

TILLMANN Wolfgang, LUO Weifeng, BAUMANN Ingor, HOLLINGSWORTH Peter,
KREBS Benjamin, HAGEN Leif

(Institute of Materials Engineering, Technical University of Dortmund, Dortmund 44227, Germany)

Abstract: In order to extend the life time of forming tools, two wear resistance coating systems FTC-FeC-
SiMn and WC-12Co were deposited, using arc spraying and HVOF processes respectively. To optimize the
parameters, One—factor-at—a-time experiments were employed for arc spraying process due to its minor influ-
ence factors, and design of experiment method was used for HVOF spraying process, which is influenced by
more than 10 factors. During the optimization process the micro hardness, porosity, roughness and deposition
rate of the coatings were investigated, and the results were excellent. Especially the WC-12Co coatings have
a hardness of 1 547 HV, ;. a deposition efficiency of 34.5%, a porosity of 1.0% , and a roughness of 1. 84 pm.
These results are very close to the theoretically expected values. Afterwards, the wear resistances of the coat-
ings were determined by pin—on-disk tests. The results show that the wear resistance of FTC-FeCSiMn coat-
ings is two hundred times higher and corresponds with the wear resistance of WC-12Co coatings even sixty

thousand times higher than those of the substrates.
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Fig. 1 Scheme of the twin wire arc spraying facility
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Table 3 Factor levels in Placket Burman design
Backside  Front
Keronsin ~ Oxygen  Stand-off Hydrogen ) Carry gas  Powder  Nozzle
Jet velocity/ cooling  cooling
Level fuel/ fuel radio distance/ fuel/ flow/ feed rate/ length/
(m + min') presure/ pressure/
(L+h" mm (L« min™") (L+min') (g*min') mm
kPa MPa
+ 16.0 1.75 250 140 25.0 413.70 0.6 12 60 140
— 10.0 1.05 150 70 10. 0 68. 95 0 8 30 100
% 4 Plackett Burman i% it
Table 4 Packett Burman design
Influence factor Response factor
Micro Deposition
o Porosity/  Roughness/
Nr. KF X SOD HF V BCP FCP CGF PFR NL hardness/ efficiency/ y
0 pum
HV,., % :
8 + — + — — — + + + — 1676 45.9 0.1 2.7
11 + + — + — — — + + + 1912 36.8 0.1 2.4
5 — + + — + — — — + + 1447 38.3 2.4 2.4
12 + - + + - + - - - + 1 802 51.9 0.3 2.6
6 + + - + + = + = — — 1305 30. 8 1.3 2.6
10 + + + — + + - + — — 1433 32.3 0.7 3
1 — + + + - + + — + — 897 27.4 7.6 3.5
7 — — + + + — + + = + 706 42 0.8 3.8
3 — — - + + + — + + — 803 28.5 3 4.1
4 + — — — + + + — + + 1 764 49.1 3.1 3.7
2 - + - - - + + + - + 1575 40.7 1.5 2.5
9 — — — — — — — — — — 1154 61.7 10. 5 3.1
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Fig. 11 Pareto diagram of the effects on microhardness
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Table 5 Significat effect of the influencing factors on re-

sponse factors

Influence Standardized
Response factor ect
factor effect
Micro hardnes /HV, KF 535.0 6.7
HF 339.4 4.2
SOD  -254.2 -3.2
BCP -243.0 -3.1
Deposition
A -12.1 -5.6
efficiency /%
SOD -8.4 -3.9
BCP -7.2 -3.3
FCP -5.6 -2.6
Porosity /% NL -3.2 -3.4
KF -3.4 -3.1

Roughness/pm

FE 7 A5 R W R X AL B R A 1
TE 28 o BT A 8 U LB AR /N il T
A A B DL R BEAE T — 22 19 105 A
6 ] 5 76 5 37 9% (140 mm) . Rij 7 ¥ 515 T
A A I35 10 07T 280 /N v A A B T
AT DU ORI ¥ DR T ) 1 de/ME R R
I 0. T LALE T — 2 5 il AR 2% (0 MPa)
TG AR TR T BAR NS AR R N I AR A A
HRAT S O T A I S I R 8 U S Y S TR
R 3 RN B AR A 4R vy L A A A 2000 fEL
Y A /INC-3. 2 R -3, 3), 53 AN I A RV
i R AT AR RS R s BRI &l 2 2
SRRV J0 sy T B A 9 RO R £
ANAE S T ATE JG ¥ 30 R s e T — i 5 P R
FRPEAR AL PO AL o S0V 0 I Bl B 2 A AR X
A 31 T TR S0 A R 67 2 YD I A% R 7 A B i Y
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WEERE . SR H AR R MR A TR BRIt REL

E@E%&BE%UE 180 L/min, F)TU%E?%T%EI’J&E 6O EAETREERFHER
55 S N BB IR R AE S L AL Table 6 Factor levels in central composite design

5 3 A B s O R R R R AR R —
a 1 0 +1 +a

TR X 2 ool B2 L ORI L B R R B R

e 2 ORI LB T — 2 A AL 0 o Ak KF/ (L+h"') 13.6 15.0 17.0 19.0 20.4

BESc. IO B B AR A Lk B e Comstant 2 0.95 1.05 1.20 1.35 1.45
A3 AT 6 T80 » T L P A 2 200 1 SOD /mm 120140170200 220
23 5 A A G X3 B A 4k S oY . M HF /(L * min™) 140
TH U X S R B R A AR B O T 0N %o L B R V /(m/ » min) 17.5
AV T RN T FL B RS B R — A A K] BCP /kPa 68,95
T RIS T A B A T B T O A A Variable ECP /MPa .
(3) At (Optimizition) CGF/ (L« min™) 10
223 5 56 LR A O L SRR A g PFR /(g min™) o
TR R B AR B R TR AR ST NL /mm 140
I A 2 B M 3 R 4T X — B B
TRk 2% Tk B 2 AR 68 X I 5 B 5] R ®7 bR
kR . AU 0 B Teble 7 Central composite desien
D E AT (Central composite design, CCD) , 3% Nr. Influence factor Response factor
Fi i b F 30 2 76 AR AIE 45 52 W P57 ) 38 BR800 DA B 56 Np, KF 2 SOD MH/  DE/ p/ Ra/
M A1 X o 7 PR 1) — 0 8007 1) T 9 T 1 — A xox x5 HVo, % % pm
AT, B 12 FoR — A 3 G 18 — — — 1509.7 47.85  2.12 2.5
HAwIT CCD B T — M, —14 2° 2K 5 + — — 13883 49.15 3.47  2.72
FEFEA 6 N SBE N o WA, N TRIER 19 — + — 1360 39.35 1.76  2.68
THHOBEREE o ST 1. 68187 6 + + — 18427 30.25 0.41  1.91
©.2,0) 13 — — + 1776.1 32.52 4.48  10.34
-1,1,- § - 16 + — + 1141.5 30.96 0.18  1.55
0,0,-0) “‘ 11 — + + 1424.6 26.19 4.96  12.38
oy 10 + + + 14181 2458 0.80  1.62
=k (@00 7 o« 0 0 1592 36.01 1.58 2.19

8§ 0 a« 0 1420.4 5.59 2.42 5. 54

. 0,00 9 0 0 g« 1213.1 34.56 2.21  2.14

(1,-1,1) 3 —a O 0 1404.5 33.73 1.14 2.35

4 0 -« O 1803.6 39.3 2 6.51

K12 3 AT AT 15 0 0 -o 1490 31.06 1.75 1.74

Fig. 12 Central composite design with three variables 2 0 0 ©0 1926 39. 83 1.42 2.31

N R 14 0 0 0 16624 29.05 0.22  1.83
WA E—Br Bk s g5 2R, b 2 A Bt il

Wy AL G BRI S 6 FTor. T AN T
WIZE S 7 4 WL 28 R 0 e HE L A R IR B S L0000 1436.639.51 022 231
B B B F. 5 Plackett Burman % i — 17 0 0 0 1403.2 29.46  1.12 1.84

120 0 0 1489.2 30.31 1. 60 1. 87
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Table 8 Significat effect of the influencing factors on re-

sponse factors

Influence Standardized
Response factor Effect

factor effect

Micro hardness /HV,; Average 1583.4 23.73
A\ -193.7 -2.4
KF « SOD -250. 6 -2.4
x +SOD  308.1 2.9

Deposition efficiency /% Average 23.9 12.46

KF -15.2 -4.7
Porosity /% Average 0.9 2.4
SOD -1.3 -2.8

KF-«SOD -2.1 -3.5

Roughness /pm Average 3.7 4.1
KF 3.2 5.4
KF* 1.7 2.9
SOD -4.1  -6.9
SOD? 1.9 3.2

KF+«SOD -4.8 -6.2

Hh 28y 2% T L DR X I T JE AL 1A O 2 T Y
X TH] .

&9 Im Rz EF xR B EE

Table 9 Desirability of the response factors

MH/ DE/ P/ Ra/

Desirability
HV., % % um
High 1 1700 38 1.0 2.0
Low 0 1 300 28 2.5 7.0
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Fig. 13 Projection of the desirability surface
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Table 10 Optimized parameter and coating quality
Optimized parameters
KFE/ SOD/ HF/ v/ BCP/ FCP/ CGF/ PFR/ NL/
(L *» min™") mm (Le+min') (m-e* min") kPa MPa (L +min?) (g+*min") mm
15.3 1.2 170 140 17.5 68.95 0 10 50 140
Optimized coating properties
MH/HV, , DE/% P/% R /pm
Theoretical 1584. 2 36. 68 0.9 1.58
Real 1547.4 34. 46 1.03 1. 84

(a) 400 x

(b) 10 000 x

& 14 fifb)s WC-12Co ¥ )29 SEM & i 412
Fig. 14 SEM graphs of the microstructure of the optimized WC—-12Co coating
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Fig. 16 Wear coefficient of the 100Cr6 wear counter on

different coatings

3 & it

=A

(1) i FHUIE PR T2 AR X ff o, B2 132
4 B ECE W BOERD B DUTE R R
UCER PR 7R AR PR AL RE 4R 31 #0220 ) 4 B B0
e B EE ) O )=

(2) FEKIEWIR T 2R W 2 2%, 2 B AR
AR VAL LS A S B R

il FA% 6 1 Bk B TR 9 30 B0 K AR R
N B A B S R N e A R 1R A i WL 1
BRI EESE G LA DR EE S
T SRS MR RR A 06 R 2L JF R Bt 28
{1457 T X T 1) S5 G 1 i

(3) LEBEIAMACSG - 1R 2 1 il B 7 it
117 BRI . I B R WL B 5 1 R K
FEAWE VR LA S H i A 1 dll WC—12Co B A<, el
B BT S B P RB AR 2] 4 DR R RS, H
it R M 74 R SIS 2k DU AL FTC — FeCSiMn ¥ 2
WREME PS5 2 MR R RT. (A2 H
F FTC-FeCSiMn H1 7775 % B K FTC ik,
SITE RS b — R DD

WS IE T — 2 TAE K Wi
WENM B WERE E, fFHRKEELZ N WIE
TR0 Ak 28 30 UE VR J2 B PO PR RE L O F 5 ALE O
BE ST U 2 95 FE 18 B4R S5 T 2 R LR A

2% Uk

[1] Mehlin M, Zimmer W. FEin weg fiir klimagerechte
mobilitat—das forschungsprojekt renewbility [J]. Interna-
tionales Verkehrswesen, 2010, 62(5): 10-15.

[2] Amstad M, Hildebrand P. Erdolpreis und geldpolitik ein
neues paradigma [ J]. SNB Quartalsheft, 2005(3); 62-81.

[3] Trechow P. Leichtbau wird materialmix des automobils
massiv verandern [ J]. VDI — Nachrichten, 2012, 66
(1): 9.

[4] @k, R, S H, % SBORERSMAIM]. b
50 HUBR Dl AL . 2005,

(5] gkAh, SWAHT . BRCHE. HRBE%R H AR L7 i T3 SR Y B
Ik (). EFRm T, 2011, 24(6): 1-10.

[6] Bach Fr W, Mohwald K, Drogler B, et al. Technology and
potential of wear resistant thermal spray coatings [J]. Ma-
terialwissenschaft und Werkstofftechnik, 2005, 36 (8):
353-359.

[7] Tillmann W, Vogli E, Nebel J. Einfluss der spritzparame-
ter auf die mechanischen und tribologischen eigenschaften
von lichtbogengespritzten WSC — FeCSiMn schichten [CJ.
SFB 708-3. offentliches Kolloquium, 2009; 141152.

[8] Steeb S. Glasartige metalle [M]. Ehningen: expert— Ver-
lag, 1990.

[91 Bobzin T, Schlafer T, Richardt K, et al. Microstructure
and properlies of Fe—based wire arc sprayed coatings [J].
Materials Science and Engincering Technolgy 2008, 39
(12): 867-870.

[10] Wilden J, Wank A, Schreiber F, Lichtbogenspritzen
verstarkter selbstflieBender legierungen zum kombinierten

korrosions und erosionsschutz [ C]. Proceedings of



14 2 B X W L B 2012 4F

Plasmatage in Ilmenau, 1999. schaften beim Lichtbogenspritzen [ C]. Tagungsband zum
[11] He D, Fu B, Jiang J. et al. Microstructure and wear per- 7. Werkstofftechnischen Kolloquium Neue Materialien und

formance of arc sprayed Fe—FeB-WC coatings [ J]. Journal Verfahren in der Beschichtungstechnik, 2004, 95-100.

of Thermal Spray Technology, 2008, 17. 757. [18] Tillmann W, Selvadurai U, Luo W F. Measurement of the
[12] Dallaire S, Levert H. Development of cored wires for im- young’ s modulus of thermal spray coatings by means of

proving the abrasion wear resistance of austenitic stainless several methods [C]. TTSC, 2012.

steel [J]. Journal of Thermal Spray Technology, 1997, 6 [19] Steffens H D, Dvorak M, Wewel M. Einfluss der proz-

(4): 456-62. essparameter beim lichtbogenspritzen [ J]. Ein Leifaden fiir
[13] Steffens H, Brandl W. Moderne beschichtungsverfahren [ M]. den Praktiker, 1990, 23-26.

Weinheim: Deutsche Gesellschaft fiir Materialkunde, 2005. [20] Tillmann W, Vogli E, Baumann I. Manufacturing of
[14] Niemine R, Vuoristo P, Niemi K, et al. Rolling contact HVOF sprayed, finest structured cermet coatings using

fatigue failure mechanisms in plasma and HVOF sprayed fine WC-12Co powders (-8 +1 pm) [J]. Materials Sci-

WC-Co coatings [J]. Wear, 1997, 212(1): 66-77. ence and Engineering Technology, 2008, 39 (12). 859
[15] Matthaus G. Neue HVOF anlagentechnologie fiir super- —-866.

feine pulver-10 pm und innenbe-schichtung [C]. Proceed- [21] Weihs C, Jessenberger J. Statistische methoden zur

ing of 6. Kolloquium Hochgeschwindigkeitsflammspritzen, qualitiatssicherung und—optimierung [ M]. Weinheim: WI-

2003, 167-176. LEY-VCH Verlag, 1999.
[16] Wang X, Heberlein J, Pfender E, et al. Effect of gas ve-

locity and particle velocity on coating adhesion in wire arc {E& it : Leonhard-Euler-Str. 2, Dortmund, Germany

spraying [C]. ITSC, 1996. Tel: 0049 231 755 7315

[17] Wilden J, Bergmann J P, Jahn S. Einfluss der strom—span- E-mail; weifeng. luo@ udo. edu

nungs — charakteristik auf die schichtbildung und - eigen-

B e LT & S e 2 B S L 2 2 e & e e e 3 i 2 e 2 e & e e e £ e e & e 2 S A L & o e o S o 22

o AT -
(PFEXREIEVATBRIRANGE(PXZOHHERZR)

CHSCRZ O W RIS B BN D2011 4 it g 25 23 A8 SCHR T o 27 1 B BRI 5 3k » 2 R 9 N B36) A 26 SR
PR 2R THSR AT s DA B2 B GV TR I IE 26 8RR 1 4400 4% B SCHA P H 91 28 1 1982 %ﬂlﬂﬁ
DAL R TR AR SO D T H R 2011 AERR CRIEE SO Z & @ 548 T2
A% 0 B ) 3k R A T4 A S SO0 RIS HEHE ) 2008 4F iz CBPV AR ﬂfﬁ)ZFﬁU\%}iﬁﬁiﬁﬁ/u
H;H?'J,%«EP%‘%EIE»%W%%T?:&%%M’E%AlﬁB%jJEI’J O o R TR AE I R 0 1 SR I B

SLERIEUE .

LR (P R m TR ) W PIN 25 H 28 £ & 8008 AW % m 1 k8 b 1. 2009 48, 78
1946 Frh ERME AR 2R S HEA S 271 AL, RPN GG HER S 4 0. 2010 4FSZmE 2 0. 519, 2012
AR P4 BT R BT RHE RRORURS 1] Bk 5 KRR A e R R D R m TR R
PEFNSE I PE A BB AL L KA R — a0 WE AR M oG 1 0 S R 0



