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ABSTRACT

A study on the development of hard-facing technology of hot
forming tool surfaces for the improvement of service life of the hot

forming tools

Park Na Ra
Advisor : Prof. Ahn Dong-Gyu, Ph. D
Dept. of Mechanical Engineering

Graduate School of Chosun University

Thermal softening phenomenon of the hot forming tool steel leads to the premature wear
of the hot forming tools. Hence, several researchers have paid attention to the development
of wear resistance coating technologies to enhance the service life of the hot forming tool.
The aim of this thesis is to develop the hardfacing technology of the hot forming tool
surfaces for the improvement of the operation life of the hot forming tool.

In order to obtain proper thickness of the hardfacing specimen for the wear experiment,
transient heat transfer and thermal stress analyses have been performed using the ABAQUS
V6.11 Temp-displacement module. Using the results of the FE analyses, the temperature,
effective stress and principal strain distributions in the specimen have been investigated.
From the results of the investigation, it has been shown that an appropriate thickness of
the hardfacing layer is 2 mm.

Hardness and wear experiments in the elevated temperature have been performed to
investigate wear characteristics of the hardfaced specimen. The specimen of the experiments
have been fabricated via the deposition of the Stellite 6, Stellite 21 and NOREM 02
superalloys on the STD 61 hot working tool steel using laser-aided direct metal rapid

tooling (DMT) process. The results of the hardness experiments in the elevated temperature



have been revealed that the hardness of the hardfaced specimen is conspicuously greater
than that of STD61 specimen when the ambient temperature is larger than 700 oC. The
results of the wear experiment in the elevated temperature have been shown that the weight
loss, the worn volume, the worn width, and the worn depth of the hardfaced specimen is
remarkably smaller than those of the STD 61 specimen. In addition, it has been revealed
the friction, lubrication and friction induced work harding characteristics are highly
improved when the Stellite 21 is deposited on the STD 61. From these results, it have
been noted that the Stellite 21 is a proper hardfacing material of the STD 61 hot working
tool steel.

Wear experiments in the eleveated temperature have been carried out to investigate the
influence of thickness of the hardfaced layer on the wear characteristics of the Stellite 21
hardfaced specimen. The results of the experiments have been shown that the weight loss,
the worn volume, the worn width, the worn depth and the friction coefficient of the
hardfaced layer is minimized when the thickness of the hardfaced layer is 2 mm.

Based on the above result, proper material and thickness of the hardfaced layer for the
STD 61 hot working tool have been obtained to develop the hardfacing technology of the
hot forming tool surfaces for the improvement of the operation life of the hot forming

tool.
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Table 1 Chemical compositions of Stellite 6 and Stellite 21

Co Cr \\Y% C Others

Stellite 6 Base 27 ~ 32 4 ~6 |09 ~ 14 |Ni, Fe, Si

Co Cr Mo C Ni

Stellite 21 Base | 26 ~29 |45 ~ 6.0/02 ~ 035 2 ~ 3

Table 2 Thermal properties of Stellite6 and Stellite 21

T T T

. p (kg/m’) ok (WmK)| _|a (10°7K)
) (‘0 q®)
200 145 100 | 13.9
Stellite 6 20 8,200 300 16 400 | 147

500 19 700 15.8
200 17 315 14.1
Stellite 21 20 8,330 300 18.8 427 14.3
400 20.6 816 15.6




2. Fe Al 2335 H3AS

Table 3 Chemical composition of NOREM 02 and 19-9 DL

Fe Ni Cr C Mo
REM 02 57.6 ~
NO 0 37 ~50| 23 ~26 1.19 ~ 1218 ~22
59.0
Fe Ni Cr C Mo
- 0.28 ~
19-9 DL 65 8 ~ 11 | 18 ~ 21 1.0 ~ 1.75
0.35
Table 4 Thermal properties of 19-9 DL
! (kg/m’) ! (W/m-K) ! (10°/K)
o p m o K m: o a
) (‘0 q©)
20 13.5 93 15.3
19-9 DL 20 7,900 | 215 18.5 205 16.3
350 21.3 815 18.0
ole} o] Fe Al == dt=do]dE A8 1999 DL ¥ Co Al 2%+w Stellite 6
o} Stellite 21 = W8S 49 dd=ES 45 2=7F S7H85= 199 DL ¢ &
Ae®es J438 dads & F ddvh Ant & AZAF] 49 =7t S7HEs
2 F4% duFAS Hol ko] g Aoz g
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Fig. 6 Temperature distribution in the thick direction of the Stellite 6 hardfaced specimen

for different hardfacing thicknesses

Table 5 Temperature of surface and boundary regions of the Stellite 6 hardfaced specimen

Thickness
1 2 3
(mm)
Surface temperature

o 883.1 945.4 994.2

QY

Boundary temperature

o) 711.0 620.5 535.1

L steEH ol AT T TIAF o AAANAY e FAV SUHESTE FAFE
stedo]ld T Wy Ayt HojA7] wjEo AAF A 2EEEE 3 mm O
A 5311 °C & 7V @A &5}
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Fig. 7 Effective stress distributions in the Stellite 6 hardfaced specimen for different

hardfacing thicknesses
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Fig. 8 Effective stress distributions in the thickness direction of the Stellite 6 hardfaced

specimen for different hardfacing thickness

_12_



Fig.7 2 Stellite 6 7} 3=
3 Aifoltt. o] Ay stEdolY 5
=3 th st=doly T F
mm oA 3 mm 2 F7}g
AW 73 A ol A
3 FoA
Fig. 8 < Stellite 6
I A Stellite 6

O]— /‘ 0] o]

AN AN

=3

el

12
he
~
1o

o

rlo
[
i
tlo

oo
ofy ojy Mo ¥

JH

olN

o

oz UQ{J
Lo
T

&

.

Lo

%0

Q
o
=
o
&
(@)

= &=
= @z Aolt}. Stellite 6 2
tHo]d] Fo JAoA] A=

K7 A ol

5 0] 4

(1

Table 6 Effective stresses on the surface and the difference of effective stress in the joined

region (Stellite 6 hardfaced specimen)

Thickness
1 2 3
(mm)
Effective stress in
the surface 2.26 2.44 2.55
(MPa)
Aoss (MPa) 0.94 0.79 0.75
2 A FA7F 1 mm oA E 095 Mpa ©] EEFHAAT 1| mm 2] = oA F
FAZE S7El Wk oF 51 % ~ 159 % o FESE AV AATSE & U
o9} o] uslold 23 A1ANe] AANA LA sARAE AW TH F
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Fig. 9 Principal strain distributions in the Stellite 6 hardfaced specimen for different

hardfacing thicknesses
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Fig. 10 Principal strain distributions in the thickness direction of the stellite 6 hardfaced

specimen for different hardfacing thickness
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a8 2F 85 % 2 mm °A 3 mm 2 FA S/ wf oF 5 % SUES &
T AT Fig. 10 & Zojake] o3t 258 E ARR Stellite 6 3t=w o] Fo] F
A7 S7hdes e F MIdES SUMES & 7 Adid =3 ‘E}Eﬁﬂow <

AR AACA MEE Gxvr BATE 4 7 U Table 7 2 st=dH o] T
3E steu o]y T3 ZIAFe AR s @xk At ot

of F WHEgE A= A (2 o 2o, AN el dgeld A st
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~ 155 % 7t AagS 4 4 gglen, 2 mm o FAE 71X
mm & FAZ A= s=HolA =& A olrF bx oS o = gt} o7
oAlA BAN F+ HFE& GA )
A Hw, st=de]d © A

th webA AA A dAstE F HEe 2=

Table 7 Principal strain on the surface and difference of principal strain in the joined

region (Stellite 6 hardfaced specimen)

Thickness
1 2 3
(mm)
Principal strain on
the surface 20.39 22.28 23.70
(% 107)
Nege (X 107) 6.33 5.35 5.26
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Table 8 Temperature of surface and boundary regions of the Stellite 21 hardfaced specimen

Thickness
1 2 3
(mm)
Surface temperature
o 848.59 884.45 914.25
(O
Boundary temperature
o 703.14 609.82 824.86
(O
1,000.0 e
o 5 [ + steNitez1_1.0mm
o
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= =3
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Q
3
600.0 |
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»
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400.0 . . . L L L : J
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Fig. 12 Temperature distribution in the thick direction of the Stellite 21 hardfaced specimen

for different hardfacing thicknesses
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Table 9 Effective stresses on the surface and the difference of effective stress in the joined

region (Stellite 21 hardfaced specimen)

Thickness
1 2 3
(mm)
Effective stress on
the surface 1.79 1.89 1.98
(MPa)
A0s21 (MPa) 0.57 0.53 0.54

N
(4]
1
E

Stellite21_1.0mm
Stellite21_2.0mm

N
(=)
L)

Stellite21_3.0mm

/2 Ogpq €9
[ /N0 §21 (2.0)

fh
o
T

ra
20 521 (3.0)
H

Max. Effective stress
(lea)
(4]

0.0 1.0 2.0 3.0 4.0
Distance (mm)

-
o

Fig. 14 Effective stress distributions in the thickness direction of the Stellite 21 hardfaced

specimen for different hardfacing thickness
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ot 1 A} Stellite 21 st=Ho]4 Fo FAVF T/HEsE £HY FESHS As
4= & g UAJATE, Table 9 9 o] BAF-oAY &HA= 1 mm L= 0.57 Mpa
ojglem™ 2 mm duj= 0.53 Mpa, 3 mm & W 0.54 Mpa = 2 mm &] st=3o]A F
= 7HE o s=dHold FI VAR AACdA Tt FESHAE HaTE o
F ARG o] A3 FAV FATFE xWe S8 ASAY AAF 89S 1
AT 49 °F 2 mm 9 st=FoY F= 7HE A4S =y vbesAol M AsE
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Principal strain distributions in the Stellite 21 hardfaced specimen for different

Table 10 Principal strain on the surface and difference of principal strain in the joined

region (Stellite 21 hardfaced specimen)

Thickness

(mm)

Principal strain on

the surface 17.44 18.57

(* 107

19.58

Aggar (X 107) 434 3.93

4.08
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Fig. 17 Temperature distributions in the 19-9 DL hardfaced specimen for different

hardfacing thicknesses
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Table 11 Temperature of surface and boundary regions of the 19-9 DL hardfaced specimen

Thickness
| 2 3
(mm)
Surface temperature
o 867.2 915.0 950.3
O
Boundary temperature
o 706.0 611.7 524.9
O
1,000.0
o I' 19-9DL_1.0mm
e
® ! 19-9DL_2.0mm
= B
= 8000 19-9DL_3.0mm
o
£
600.0 |
=
»
]
E 400.0 1 1 1 1 1 1 1 ]
0.0 1.0 2.0 3.0 4.0
Distance (mm)

Fig. 18 Temperature distribution in the thick direction of the 19-9 DL hardfaced specimen

for different hardfacing thicknesses
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Fig. 19 Effective stress distributions in the 19-9 DL hardfaced specimen for different

hardfacing thicknesses

Fig. 19 = 199 DL 2 at=do]d HAS o st=do]d S 747 Fa58Y
X Aot} o] A gt=dold Fo FA TSR BWe fFESHS Tt
s & Ak st=Hold SO FAE 1 mmolA 2 mm 2 F7HE uf oF 52 %,
2 mmolA 3 mm 2 F7Fe o ¢F 37 % ¢ xW FESHO TS & F AT
AT AR SHEEE oF Az 9% SHGAIF BAsA T o]9f ol
st=do]ly T3 7IA R AAA HAeE SEdAE AW T4 T wEEE E

Table 12 Effective stresses on the surface and the difference of effective stress in the

joined region (19-9 DL hardfaced specimen)

Thickness
1 2 3
(mm)
Effective stress on
the surface 1.59 1.63 1.62
(MPa)
A0so1 (MPa) 0.54 0.63 0.73
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Fig. 20 Effective stress distributions in the thickness direction of the 19-9 DL hardfaced

specimen for different hardfacing thickness
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Fig. 21 Principal strain distributions in the 19-9 DL hardfaced specimen for different
hardfacing thicknesses
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Table 13 Principal strain on the surface and difference of principal strain in the joined

region (19-9 DL hardfaced specimen)

Thickness
1 2 3
(mm)
Principal strain on
the surface 21.24 22.48 23.21
(107
Agsar (X 107) 7.76 7.24 7.18
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1AM AlFS A% AWs =F87] 9% Avbe s Fd A™sA Asde 2
mm = Avtet o, AlHe] 4 Wo| viste] Avirtys Fsiv AHe A=
32 mm X 32 mm X 8§ mm 2] STD 61 Aol 2H2 F&% AE 54 T4 o &3
25 mm H5E FHsAT H5E AHS FTHol AV " dAvirtEs B8 F
Z AH9 AVIE 30 mm X 30 mm X 10 mm = A ZS T} oluw = oA FAHY
X712 Table 14 o Zvh AlHo mE HAoidlss n2dAx: 3% A4 AEde

DMT Process

Stellite 6 Stellite 21 NOREM 02

Fig. 23 Manufacturing procedure of the specimen
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Table 14 Process condition of hardfacing

Powder o Power of | Travel speed
. Shielding | Powder/gas Method of| Over-
feeding speed . laser of laser
. gas ratio . path lap
(g/min) (W) (m/min)
4 Argon 7.5/2.5 370 0.85 Zig-Zag 0.5
A 24 EHNY AR BE L2FEANF

e FAHog 11

R

A Ase wE 1B EARS T3] 918 Fig. 24 9
&

=
H Ad7]:= Accuton-5 &

Fig. 24 Procedure of specimen fabrication for hardness experiments in the elevated

temperature

Fig. 25 High temperature vickers hardness tester (NIKON QM-2)
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Fig. 26 Influence of the ambient temperature and hardfacing materials on the hardness of

the specimen
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Fig. 27 Experimental set-up of wear experiments in the elevated temperature
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Al 67 FEHNY d ATBFIFAY L2FE AN Y
Al 1A tEHY A BE n2uRAY A3
1. S=5ol4 Aol BE mRAS B@L/EA
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Fig. 28 Coefficient of frictions for different hardfacing materials
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Fig. 29 Worn shapes for different hardfacing materials

_34_



Table 15 Comparison of the hardfaced specimens with the STD 61 specimen from

viewpoints of the weight loss and the worn volume

STD 61 Stellite 6 Stellite 21 NOREM 02
Specimen . hardfaced hardfaced hardfaced
specimen . . .
specimen specimen specimen
Weight loss (g) 0.156 0.058 0.05 0.058
Worn volume (mm’) 2.013 0.687 0.600 0.810
ol¢} 2L A3 STD 61 o A5 vRFo]l 7HE Bes & 7 AALH, Stellite 6

zpoll o] 3l whELA|

9} NOREM 02 o] 7% wprzfo] 55 & 4 9%
=2
i=]

Ao Bxed, tRAA 3 4 (5) b e P

W,= (5)

=EH vEAAS NOREM 02 o A% Stellite 6 ° W3} @& wRAAE B
Stellite 6 7F NOREM 02 ©f #|s} vprAAe] A55 oF = ATk Stellite 21 2] 75
st=sold H Adwdd 2AAM g S R, mPRAIA S B 800 °C 9 &
Fo A 2FE AdS SRS B 7P 4 stEdold Asds & ¢ A

ot

_35_



= #st7] H8 Fig. 30 I 2&
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Fig. 30 Scanning electronic microscope (SEM)
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KITECH SEI 200KV X100  100gm WD 14.9mm

(a) Magnification ratio = 100

KITECH SEl  200kvY X500  10um WD 14.9mm

(b) Magnification ratio = 500
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KITECH SEl  200kvY X5000 1um WD 14.9mm

(c) Magnification ratio = 5,000
Fig. 31 Morphologies in the vicinity of the worn surface of STD 61 specimen

(Furnace temperature = 800 °C)

Fig. 31 & STD 61 ¢ 7R A3 H W3l Aijolr}. o] A3} Fig. 31 (a)
1100 Hj&l A gt A3 STD 61 ¢ 7% wpEHo] s AZA YEUH, Fig.
31 (b) &1 500 vi&= EA38AS A-F vtEH] 7Y Abo]& Sialon oA P27t &
gtste] STD 61 wlEHo| FFES & & AATh Fig. 31 (¢) ¢ 5,000 wj&= gl
S W viRWe| wdo] WATS & £ AUTh oot BE A= LRWEAY A
Sialon ¥ ¥} STD 61 ZFoll 2~¥ & H(Stick-Slip) Aol ¢]3] #Ays}+= Pin-attachment &

=
=
Jow s BAFES & & AUk

o

o o
=)
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4,
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KITECH SEI 20.0kv X100 100pm WD 14.9mm

(a) Magnification ratio = 100

KITECH SEl  200kvY X500  10um WD 14.9mm

(b) Magnification ratio = 500
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KITECH SEl  200kvY X5000 1um WD 14.9mm

(c) Magnification ratio = 5,000
Fig. 32 Morphologies in the vicinity of the worn surface of stellite 6 specimen

(Furnace temperature = 800 °C)

Fig. 32 i+ Stellite 6 2 3t=H o)A H AlH vlRAIE F nmirwe] 23l 2y
ot} o] A3} Fig. 32 (a) ¢! 100 W& =2 239 S A o
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o] WAS}= Pin-attachment &/Jo 2 213 }7'4 AL7F g2 ArsSd Hs] =4 e

S o) /~o
S ¢ At
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KITECH SEI 20.0kv X100 100pm WD 14.9mm

(a) Magnification ratio = 100

KITECH SEl  200kvY X500  10um WD 14.9mm

(b) Magnification ratio = 500



KITECH SEl  200kvY X5000 1um WD 14.9mm

(c) Magnification ratio = 5,000
Fig. 33 Morphologies in the vicinity of the worn surface of stellite 21 specimen

(Furnace temperature = 800 °C)

Fig. 33 & Stellite 21 = st=3o]4 H A¥e] mfEAF & wprwHe] 2wl 2}
olth. o] A3} Fig. 33 (a) 1 100 wh&olA I A3 HE2ARE st=do]d | A
R s AR vpERS Blom, Fig 33 (b) o 500 vl SteiE A&
B, vpEE S i RE S8R EAES & 5 AU Fig 33 (c) ?1 5000 Hi-&
= Sog A3 vtewe] §gow Qs 859 Stellite 21 ©] L EFS whel EAR

Fo) §FETH] WATL & F AUtk oSk L ANE Seellite 21 E FH=5 0]y
3 5

A e mevkRAY A chEEel vAF §g0 WANA e ol vAT
&gl o8] BAl WA pAAFA e ARES W FHHOR U
o % qlairt
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KITECH SEI 20.0kv X100 100pm WD 14.9mm

(a) Magnification ratio = 100

KITECH SEl  200kvY X500  10um WD 14.9mm

(b) Magnification ratio = 500
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KITECH SEl  200kvY X5000 1um WD 14.9mm

(c) Magnification ratio = 5,000
Fig. 34 Morphologies in the vicinity of the worn surface of norem 02 specimen

(Furnace temperature = 800 °C)

Fig. 34 == NOREM 02 & &t=so] ] ¥ Ao nRAIY F nfrye] 22w 2
=2, Fig. 34 (a) 1 100 Hj& A gAgt A7} nfR AL Stellite 6 Y Stellite 21 ol H]
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1 500 wlel A wiRHE FQl HS wf nfEH JxUF st A4S RIS &
4 AT} Fig. 34 (c) <1 5000 Hjoll A= wlx
of olste] wiEo] WAEA S Aoz Futs)
02 2 st=do] g5 lE 4 NOREM 02 o A7 dehsn, sfesoly Fof it

Z Qs FAGE AR Ads sl

Lo
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100pm CCRF 5/24/2013
15.0kV SEI M WD 8.0mm

100pm CCRF 5/24/2013
15.0kV SEI LM
(a) STD 61 specimen

WD 8.0mm

5/24/2013
WD 8.0mm

4;’/’
5/24/2013
(c) Stellite 21 specimen

(d) NOREM 02 specimen
Fig. 35 Morphologies in the vicinity of the worn section (Furnace temperature

= 800 °C)

Table 16 Comparison of the hardfaced specimens with the STD 61 specimen from

viewpoints of the worn width and the worn depth

STD 61 Stellite 6 Stellite 21 NOREM 02
specimen . hardfaced hardfaced hardfaced
specimen ) ] ]
specimen specimen specimen
Worn width
2.7 1.67 1.44 2.13
(mm)
Worn depth
0.21 0.187 0.12 0.13
(mm)

Fig. 35 & wREAI3 &

He Abxlelt), ofsh e 7w
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15.0kv SEI  IM WD 10. 3mm X 2,000 15.0kV SEI  IM WD 10. 3mm

(a) Magnification ratio = 500 (b) Magnification ratio = 2,000

Fig. 36 Morphologies in the vicinity of the deposited region Stellite 6
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— 10pm CCRF 5/24/2013 B 10pm CCRF 5/24/2013
15.0kv SEI  IM WD 8. 0mm X 2,000 15.0kV SEI  IM WD 8.0mm

(a) Magnification ratio = 500 (b) Magnification ratio = 2,000

Fig. 37 Morphologies in the vicinity of the deposited region Stellite 21

Fig. 37 & Stellite 21 & st=#o]d # Al AAlH, Hf 2000 W&7HA] &<

S AR stEH o] Fo} Stellite 21 o AACA WA= A HAHA &

re

s
;\(Z

— 10pm CCRF 5/24/2013 } 10pm CCRF 5/24/2013
15.0kV SEI  IM WD 8.0mm X 2,000 15.0kV SEI LM WD 8. Omm

(a) Magnification ratio = 500 (b) Magnification ratio = 2,000
Fig. 38 Morphologies in the vicinity of the deposited region NOREM 02
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“a’.ﬁzx

100pm CCRE 5/24/2013 10pm CCRF 5/24/2013

15.0kV SEI M WD 8.0mm X 2,000 15.0kV SEI M WD 8.0mm

(a) Result of Crack in 50 X in SEM (b) Result of Crack in 2,000 X in SEM

Fig. 39 Mophologies in the vicinity of the crack initiation region

Fig. 38 & NOREM 02 = st=s#o]%] # Al#e] Aotk o] Z 3} Fig. 38 (a)(b)E
gt Ay Hgwd disiME ZA EAVE =HA Furh

3 A%+ Fig. 39 (a),(b) ¢} #o] STD 61 ¥ NOREM 02 & ZAAFolA #Fdo] Ay
= wAZE EAE Y. olet e AR stEdo]Yd AEEZ NOREM 02 = 3H=3 0]

ARE FAFE ARAL L & ATk

o,

4. B=EHY A Be AE H@/BA

oM,
o
|\
o
N

oA AEE =A3L7] 98] Fig 40 3 & nlolaz H|AX
(HMV) & Atg3ste] A3 A, 5 o g A3 A5 Bluskglv.

Fig. 40 Experimental set-up of micro-vickers hardness measurement
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1 A Fig 41 3 g} o] A3 27]9] HEE Fig 41 (a) 9 #o] Stellite 6 7}
7HE =okon, Stellite 21 ©] 7Hd W& ARREE HAS & F AT HE & A
=1 Fig. 41 (b) ¢} #o] STD 61 2 4%
HV 2 #48H golde & & AUsith
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STDé1 Stellite 6 Stellite 21 NOREM 02 STD61 Stellite 6 Stellite 21 NOREM 02
(a) Before high temperature wear test (b) After high temperature wear test

Fig. 41 Variation of surface hardness of specimen according to wear experiments in the

elevated temperature

npzkell o gk 7bg AstmEs ool W] 93 wirwe] AxE SA 0T o A
= Fig. 42 3} 2} uwpzo| 23 7} A SHFIWH)E= 2 (6) & 2ol

Hsz _ H‘/initial
HYV, ©)
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HV,, © PFEH F& oW, HViya < PFEAID A A|He] BE= =&3H, vl
Hell digt Axe FUHE =T & v FAolth. FIWH(Friction-induced Work
Hardning) = Table 17 ¥} 2t} o] A3} STD 61 ¢ 78‘—?* nfEHe] HAEE oF 45 %
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(b) After high temperature wear test

Fig. 42 Variation of hardness of the worn region according to wear experiments in the

elevated temperature

Table 17 Friction induced working hardenings for different hardfacing specimens

STD 61 Stellite 6 Stellite 21 NOREM 02
Specimen . hardfacing hardfacing hardfacing
specimen . . .
specimen specimen specimen
FIWH (%) -4.5 26.1 49.8 26.2
ofe} &2 AMEFEH STD 61 o B A9 ol vlal 49 F wEve] dee 3
s & F AAAT Stellite 6 9F Stellite 21 = #FRWH] A=t S7HHS 4 5 9l
t}. E3], Stellite 21 9] AS$ 27| 71 B AEE BYAY, meulrd o
2450 g B dEnt vhe S4e] MY $58 ARYS ¢+ AT
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A 2 A Stellite 21 = ol 29 FAd WE Tur
Ald 23

Ao WE 1 ulE Al 3 Stellite 21 2] AvlREA ] 71 -3}, Stellite
21 2 Fouold & u ssuo]A =9 Ee] w2 nlny EAgS B
o] Fig. 35 ¢} o] s=doly FAE Z17 1
5ttt Stelllite 21 ©] 2 mm = o] B A|AL Fig. 23 ¥ o] Azt = 27]

Stellite 21_1 mm Stellite 21_2 mm Stellite 21_3 mm

Fig. 43 Specimen design for the wear experiments in the elevated temperature to

investigate hardfacing thickness effects
1. Stellite 21 3= o]y T FA & wZAS ¥a/E4
A% F stedoly FAel wE mhEASE Fig 44 o 2tk wAASE A 4 9
H'] .
o A= Stellite 21 2 st=do]d ¥ Aoz APE stlon, 74 FA mE

vEAFE v S AUtk 1 mm % 2 mm 2 SEdely @ AR vhEAFE

0.5 ~ 0.75 Aol = FAS & 4= ATE AW Stellite 21 ©] 3 mm 3= o]
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Fig. 44 Coefficient of frictions for different hardfacing thicknesses

2. Stellite 21 3= olA =9 FAd W& vfrF vlu/E4

Stellite 21 Stellite 21 Stellite 21
A mm 2 mm 3 mm

Fig. 45 Worn shapes for different hardfacing thicknesses
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Table 18 Weight losses and worn volumes for different hardfacing thicknesses

Thickness (mm) I mm 2 mm 3 mm
Weight loss (g) 0.077 0.05 0.072
Worn volume (mm’) 0.924 0.600 0.864

ety Ag F ohEEs BAss] gl ooy B AWl Amd RAS
A2 ARALS ol gl ZQsGth AE F ABE Fig 35 3 o] R E {9
0% Ho¥ + IYth 71 A% | mm 2 SEdold HAL 1 spmFe] G T
of el A gol dEhde & F ANtk olsh e ARHE AYHom wlas)
dete] rhE, PhEAA 5 & Table 18 3} o] EE AT

0% b Bee & F A%en, 3 mm o HEdolYe A
of Yor, 2 mm Z SFesoly HUL W 005 g OF Y vhEFe] A

g ] =1 =
F ootk WEel o)g sude S e HEAde 4 6) o 2L F4L o
3ol ®

ko] =&

o] 23} 1 mm 9] =0l F& 7= AlH 9 v o] 0.924 mm’ ©&2 71
we u}EiﬂZﬂ, S ®gor 3 mm £ 0864 mm’, 2 mm = 0.600 mm’ o® 7PF e
u} 5 4] 2] It olgt e A= 1 mm o A DMT &ANA 714 %<1 STD

61
9 Eon Aok e e Hdow AnHAod, 3 mm 9 4 HEas
NS ol8d ANZREH /1Y & SER oo vlmde] wEow ARHAT.
olele ANE AL W 2 mm 2 F=doly HUAS A AHF S5 ne vl

554 HE ¢ % A
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3. Stellite 21 3t=H o]y F¢ FA W& wEAF F AHxXH
H] 1

Fig. 46 < Stellite 21 ©] 1 mm 3st=FH o4 H AJHE] wfRH XA W Aajo|r}, o]
A3 1 mm = st=d o]l #H A]H2 Fig. 46 (a) < #°] 100 wj&=
£t Aehe AR A kbR vk Fig. 46 (b) 91 500 W& =2 219l
21 © wirdo] &§3 A YAIF @t dAde] dEdS
Fig. 46 (c) ¢ #°] 5,000 ¥l& = Flstle uf wirdo] o] TS &
th olo} & AnZHEE STD 61 Aol 1 mm 2 Stellite 21 ©] 3t=wHolA FHAS

]_ o o

W oelERe wad ARG tEEe waAw, 500 W& ol el MEEe sy
& A% vrwel S5AYT P WAt g AR W RYS & 5 A
.

KITECH SEI 20.0kv X100 100pm WD 14.9mm

(a) Magnification ratio = 100
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KITECH SEl  200kvY X500  10um WD 14.9mm

(b) Magnification ratio = 500

KITECH SEl  200kVY X5000 1um WD 14.9mm

(c) Magnification ratio = 5,000
Fig. 46 Morphologies in the vicinity of the worn region
(Hardfacing material = Stellite 21, Thickness = 1 mm)
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KITECH SEI 20.0kv X100 100pm WD 14.9mm

(a) Magnification ratio = 100

KITECH SEl  200kvY X500  10um WD 14.9mm

(b) Magnification ratio = 500
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KITECH SEl  200kvY X5000 1um WD 14.9mm

(c) Magnification ratio = 5,000
Fig. 47 Morphologies in the vicinity of the worn region
(Hardfacing material = Stellite 21, Thickness = 2 mm)

Fig. 47 = Stellite 21 ©] 2 mm 3st= o]/ ¥ A|HO vl ZA W3 4ot} o
A3 2 mm 2 st=do]d ¥ AlHE-2 Fig. 47 (a) 9F 2] 100 vj& =
mm, 3 mm 2 3t=HolA HAS wWrRT} ZfRe wfEHe] #FE
(b) ¢ 500 Hi-& = 0¥ A tellite 21 ¢] vl Wgo g n&

2
dgon wua Axd vhel 3

o,
o
w
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KITECH SEI 20.0kv X100 100pm WD 14.9mm

(a) Magnification ratio = 100

KITECH SEl  200kvY X500  10um WD 14.9mm

(b) Magnification ratio = 500
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KITECH SEl  200kvY X5000 1um WD 14.9mm

(c) Magnification ratio = 5,000
Fig. 48 Morphologies in the vicinity of the worn region
(Hardfacing material = Stellite 21, Thickness = 3 mm)

Fig. 48 2 Stellite 21 ©] 3 mm 3= oA H A|HO] wprH ZA W3l Ajo|t}, o]
A3 3 mm 2 s=doly ¥ A]J%-% Fig. 48 (a) ¢} #°] 100 vj& = &AqPS wf= 1
mm, 2 mm 2 = o] HUS wWrrt A wfERHS HATE EH Fig. 48 (b) <!
500 vl &= 35S A Stellite 21 2] vhEH] Sialon &2 AZE FAe] AR}
F2E 5 AT Fig. 48 (c) ¢k 7ol 5,000 wj&olA =lsts W= v

wastel At g o+ Atk

o o)
= =

mli

U

Hol| mAE Fd

)

o]$} & AIE E3 Stellite 21 = = olA HAS u] = o]A Fo FA
e vpRde] vpREAG fia] & 4 AAh 1 mm 2 =] HAS F 5
3 Age dojuhx] ANt Stellite 21 o YA7F dFedS & 5 9l 3
ofgtel o] WAk, W YAt F-AEHAoH, Stellite 21

_(|)__
oM geels A4S Bk
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- 100pm CCRF 5/24/2013
15.0kV SEI M WD 8.0mm

(a) Hard facing thickness = 1 mm

Y:128.125um [D:1449.42

- 100pm CCRF 5/24/2013
15.0kV SEL LM WD 8. 0mm

(b) Hard facing thickness = 2 mm

- 100pm CCRF 5/24/2013
15.0kV SEI M WD 8. Omm

(c) Hard facing thickness = 3 mm
Fig. 49 Morphologies in the vicinity of the worn section for different hardfacing

thicknesses
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Table 19 The worn width and the worn depth of each hardfacing thickness

Stellite 21 Stellite 21 Stellite 21

(1 mm) (2 mm) (3_mm)
Width (mm) 1.85 1.44 1.87
Depth (mm) 0.16 0.12 0.17

Fig. 49 & Stellite 21 =¥ 0]y 29| Frjo] W2 nmAd F A Avd nlx

Zlolo) w3t Alxlolt). o] ¢} & Ay Table 19 9 Z ). Stellite 21 ©] 1 mm 3=
Hold HAS 74

o

S whEele] Ee 185 mm ol vl 016 mm Stk 2 mm
= sEdoly AL A%

g e phEEst vhRZolE BYor, 3 mm 2 FC
A4 ANE @ ARES AR AT 2A dEE ¢ F AP, A% Be
A3 Stellite 21 & F 2 mm L W A $5F kR EYe] et o 5 ALk

— 10pm CCRF 5/24/2013
15.0kV SEI M WD 8.0mm

10pum CCRF 5/24/2013
X 2,000 15.0KV SEI M WD 8. Omm

(a) Magnification ratio = 500 (b) Magnification ratio = 2,000
Fig. 50 Morphologies in the vicinity of the deposited region
(hardfacing thickness = 1 mm)

1= 2N I
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