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OXIDATION/DECORATIVE CHROMIUM PLATING/STAINLESS STEEL

Stainless steel AISI 409 was surface-modified with decorative Ni-Cr plating.
Firstly, the samples were polished using silicon carbide paper with various grit
numbers of 180, 600 and 1200 for preparing surface roughness of the samples. Then,
the samples were pre-plated by nickel plating with various times, i.e., 0, 5, 10 and 15
minutes resulting in alteration of Ni thicknesses. Finally, the samples were coated by
chromium plating for 5 minutes. After that the oxidation and adhesion behavior of the
coated samples were studied. For the oxidation test, the samples were exposed at
200°C and 300°C in the normal and CO, atmospheres. After oxidation test and heat-
quench test, the degradation of samples was characterized by optical microscope and
scanning electron microscope (SEM) coupled with energy dispersive X-ray analysis
(EDX). The results revealed that the oxidation resistance of the Ni-Cr plating samples
increases with the thickness of the nickel pre-plating. And, the oxidation resistance of
the Ni-Cr plating samples decreased with the surface roughness of substrate.
Moreover, the cyclic oxidation test is more aggressive than the continuous oxidation
test. From heat-quench test results, it was found that the adhesion between Ni-Cr
plating layer and substrate increases with increasing the surface roughness of substrate
and thickness of the nickel pre-plating. Finally, from all of the results, it concluded
that the best condition for preparing the decorative Cr plating applied for the

application of the exhaust tube system of motorcycle is to prepare surface of samples



under medium roughness with silicon carbide paper up to grit number of 600. Then,
the samples were coated with Ni for 15 minutes; subsequently the samples were

coated with Cr for 5 minutes.
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UUD ‘]J‘]j%%EIGIN I IFU QU %ummxmﬁiummwmﬁ NUNHI tafadenUnanons

) ece.

'
Y [

ponFatunIniiga Ao guugl ANuRUveILRTOONFIY MSIET O UA HAZMT Pre-
treatment Y94 lanz ¥ o lanenay vaunarmansvesnsnaeendasuavisolslunis
UsziivergmsldaruvesTanenie lanzway uazansounldlunmsidon1diag 1
mnzaNfUEN A unadoniidoans wagmsguaddg TunmsAninmanal§asensening
uRaeendouiyTansFuaadiosasinsiinoendasy sas1n1smaeenFRFURMTUIIN
17N (oxide thickness) fnlasunlasldemitefiui wioanuminsueon lad (weight
change) 1ouiuszeznal Taea luuun Tduanuiu 1 1dlumsiieeen laaves Tanzuas
Tavgway vy maneeen leauuums1 1uan (parabolic rate law) M3INABDN TarALLUIF
1§y (linear rate law) uasﬂmﬁﬂaaﬂ”lmﬁgmuﬁaﬂm?ﬁm (logarithmic rate law) (Khanna, A.S.,

2002 ; Birks, N., Meier, G.H., Pettit, F.S., 2006)

a I3 a
) M3 leauuunis luan (parabolic rate law)
a 4 a . [ d‘ a
ﬂ"lilﬂﬂ@@ﬂ"lcﬁﬂLL‘UUW'ﬁ"IT‘Uaﬂ (parabohc rate law) muﬁﬂﬂugﬂm 2.3 m'il,mﬂ@]
4 1 A ad ] 4 a
6]]'f]il'ﬁ]'ﬁ]ﬂhlclfﬂQﬂﬂﬁﬂﬂlllTﬂElﬂ'lﬁ!,L‘Wﬁﬂ]ﬁ]ﬂhl@@@uﬂiﬂﬂlaﬂﬁﬁﬂuw'lu@@ﬂll“lfﬂ ﬂ’]ﬁl@]ﬂj@]"“@\i
s A 49! v 1 A v a a v A o a ana I o 1
’aaﬂ"lcmmwuuemmammﬂuamwmimﬂaaﬂ%m%uwaﬂm 'E]G]i']ﬂ'lﬂﬂﬂﬂ;]ﬂifﬂlﬂuﬁﬂﬁ?u
v W @ 1 o d . {a 2 @
HARUNUIZAVANHU (oxide thickness) 1301 1M1INV0I000 1A (weight change) NAATU A

uaadluaunsn 2.4
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dx _ Ky (2.4)
dt X
=1
(P
xdx = K dt (2.5)
é d‘ a a 9 -d'
%Qlﬂﬂﬂumﬂi@lﬂzqﬂﬁﬂ\lﬂﬁ‘]ﬂ 2.6
x* =2Kt (2.6)
A
$V)3}
A ~ %’ o 1 [ dy A A ] I [
X o miLﬂa&uuﬂmumuﬂﬁaﬁmﬂwuﬂ wmmﬂu ATU/MTINUNT
= a v A ] I &
t 9 1IAINTTDDNHLIATU MWU’JEJ!JJL! ‘]5’)1110
=) 1 d‘ é g [ 1 a
Kp D ATANN mmuagﬂﬂamgmazﬂmﬂ

Parabolic law

dx K,

dt x

Weight change per surface area in (g/mmz)

Oxidation time

d‘ a 4 a .
g‘lJ“I/I 2.3 M3naon lsauuumis luan (parabolic rate law)

(Birks, N., Meier, G.H., Pettit, F.S., 2006)
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a J Y .
9) MInaeon leauuuduns (linear law)
] aan I @ [ @ dg! LY a [ A
’e‘)@mﬁufmJ;]ﬂiwﬂuﬁﬂmuiﬂﬂmaﬂunm uawuagﬂuﬂimmmmuﬂﬁma

Tanzn1Flulfnzen sseunsoudaslaneaunsin 2.7

x =Kt 2.7
A
1310
A A %,’ v 1 [} &I A A 1 I [
X A Mmanlasuulanihminaeniignun Inietly au/munas
A a o A [l 3 o
t Av 1AIMIvONFATY Uridey 42119
K, v onTIANNVRIMIINALN5 e

v
2 ¥ A A

UfnserszimnaiunsiiavioNveuvld (phase  boundary) 1N8290INY Steady  state
o U % gll 4 g a U g’} {
reaction 11AZYNTINAAIINIAAFUVDIATITAIAUNNUAD HTOMIUNTHIUFUAIIANUHUIALT

aqanalugiin 2.4

Linear law
ax
— KE f
dt

Weight change per surface area in (g/mmz)

Oxidation time

1% 2.4 maAaeon ladiuudunss (linear law) (Birks, N., Meier, G.H., Pettit, F.S., 2006)
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a o < a R . .
f) MINAD0N l¥ALUaDNNITNY (logarithmic rate law)
o < a a a o g’: o ]
ﬂ%]’E)ﬁ3Tﬁ@ﬂﬂ'liﬁiJLLﬁﬂ\‘lﬂ?ilﬂﬂﬂfJﬂ“mﬂ“lfuellﬂﬁ“]fu@@ﬂhlc]fﬂﬂNﬁlu‘]ﬂ\‘lﬂ?'m%jﬂu

vodlarigNgumngiie asaadluaumsn 2.8

x =k, log(at +1) (2.8)

Y
A

A A ¥ @ g A A 1 I
X Ao manasuulaniminesn leaaenun Juuleiu
NTU/AT1UNAT
A a @ = [ I o
t A9 1NAMIDNTAFY Urvedlu ¥ Tua
A 1 d‘ zé éj -9 1 a a
k, 1oz a Ap AANN Fauegnl TarizuaazyiauazgurINITNAaDY

a a @ 1% I a @ {
TﬂEJm'iLﬂﬂﬂﬂﬂclsmslfutL‘}J‘}Jﬂj;]amm@ﬂmiﬁumuﬁﬂﬂugﬂﬁ 2.5

Direct logarithmic

Inverse logarithmic law

I | I | I

Oxidation time

Weight change per surface area in (g/mmz)

= a J <3 a K . .
3‘1]1/] 2.5 M3NAP0n lsauuuannIT NN (logarithmic rate law)

(Birks, N., Meier, G.H., Pettit, F.S., 2006)

(N’Dah, E., Tsipas, S., Hierro, M.P., Perez, F.J., 2007) 1@fn¥1A 1M 11N 11000 THA%Y
3 9 Y a daa A A a g a A am .
meqsﬂummmaﬂﬂm”lsﬁumﬂm3mﬂmﬂaaummaagmmﬂ%n FB-CVD (chemical
.. . . g <3 Y Y A daa A Y
vapour deposition in fluidised bed reactor process) mannd1 aduvlessantianumunmums

a a & d‘d d‘ a =1 4 . . ] a
NADDNHIATUNA mmmﬂmﬂiﬂﬁmamaﬂ%@ (protectlve chromia scale) ¥AUAANITLINA
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< o 1
nucleation LLﬂ%ﬂWﬁI@l"U@QH’Tﬁﬂf]’lf]ﬂhl“])'ﬂﬁ$°I"i'JNﬂ§'$1J'Juﬂ1§'T]Nﬂ’N§J%IfJu (thermal treatment)
1 Jd a U @ a Y
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Y= 2 9 a a ) Y < Y MY A Jdaa
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Y a a o I Y Y Aa daa A A Y a A =
ﬂ'J']ll@H‘LWHl!Lﬂﬂf)@ﬂ“]ﬂlﬂ%utl‘ﬂﬂﬂﬂﬁ@ﬂ‘l@ﬁl‘ﬂaﬂﬂa']llﬁﬁ‘LﬁJLﬂﬂiﬁﬂﬂﬂlﬂa@ﬂﬂﬂﬂﬂgﬂlu&ﬂﬂ
o J a a 1 . 4 1 v a 1
1NA LWi'l$’f)’E)ﬂllclfﬂ@Qillﬁﬂillﬂﬂﬂ"liﬁt]ﬂﬁﬂuuﬂﬂ spallation Lﬁ’t‘)ﬂ‘fﬂﬂ%ﬂ\?’ﬂ\iﬂi!’lﬂli@ﬂ@]ﬂ
1 g‘/ A 4 é ] 1 a 1 o 9 =< g}/ A
izmwwul,ﬂa’emuazeaﬂ”lw “]NGH’EN”JN‘Uil’)ﬂ!ﬁEJﬂﬁfJ‘VI'lﬁlﬁﬂ?iﬂﬂlﬂWZﬂl@\isﬁumﬁﬂ‘Uaﬂaﬂ
] < < Y Y A Aaa A ] A a 1 . ~
E)EJ'Nlliﬂ@ﬂiJL‘Hﬁﬂﬂa'lhliﬁull!fl/\l@ﬁﬁﬂﬂﬂqmlﬂaﬂﬂwﬂllﬁﬂ\‘]ﬂW parabolic rate constant qAINGA
v
(Henry, S., Galerie, A., Antoni, L., 2001) lafn¥1mM3inaeendasuveasuay lu
{ g 3 2 @ 1 @
Uiiﬂ"lﬂ”lﬁ‘ﬁlﬂunli’)u"l FUNUUAAINITAANTD ULV ULUIND DN (breakaway) HAIIINNATDU
a o o 1 g}J Y I3 a g’; 1 = 4 o
DONAWLIAYU 8 GH’JI?NL‘VHL!L! Lm’ﬂ\ihlﬂL‘Viuﬂaﬂigﬂﬂ‘ﬂﬂﬂﬂﬁmu Cradte 12 a9 18 Lﬂ@ﬁ!“]ﬁu@Iﬂﬂ

?,} @ a 3}4 1 = 4 o %’ v
UINUN LAZIAN Si AR 0 D9 1 osirua laglmin

2 R ‘ § e
[ 12% Cr t 0% Si
- | L@ |
& 100 - 5':-
S [ | =
EE [ ‘ wE
2 2t € g j .
= @ 7. -l
g & 2 e
- 2 | s g
g Z | - &
e g:ef | 2 &3{
2 3 | | S g
=) =2 { = =
5 zg [ 18 Bt
= g 4] 2 @20
3 ° | e € | 0.5% Si ’
= : E i P11 |
20 P ' | ;E 1 [ _ - 1% Si
| s cr sl s
T T T [82%.Cr| Tt !
0 " iy . ) : ) .
0 5 10 15 £y > 0 5 © 5 ®» B D
Falua Falua

4 1 v A 4 ' ' A {a <3 a {1 @
g1 2.6 hminhinfdsunlasaemiseiuimvewnan ety (n) WSua Tasdisunareny
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(Henry, S., Galerie, A., Antoni, L., 2001)

= 1 =Y . gl,z 1 = 4 o ?7’ [
NAYDIMTANEINUNUTINAL Si Adus 0 D91 tlostrusd lasriiniin lulavewey
A aa 14 12 % @ 1 a
Fe-15Cr mstuganeu 1 tlosua lagivin veszasnarlunsinauenaon (breakaway)

& I 1 < A =Y 1
10 2 GI)"JIiNHJ’HlI’]ﬂﬂ')’] 50 ‘B'JIN\‘] WaGU’f]\‘lﬂ'lﬁl,WiJﬂﬁlIﬁl! Cr o Si 61]@\‘11'@‘”$Wﬁﬂ§]@ﬂ')’lﬂ
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a a % < U ] [ {
AMumumsiiaeendagugnuaasldiiuninansznuediauin aaalugzln 2.6 ms
A 2 a 3 v 2. Y Aa 9 y 2 . Aa 2
mnuvesa si Tulavewaumarim1ding breakaway 4109 11398 Si0, NMAAYUFIY
Y

Yoarunisumsved Cr 1 internal oxide 1A% continuous layer wonIINY Zurek, J. et al., 2004

YR a a a o I Y Y A da A .. . A
lafnuimganssumsinaeendasuveurannat I3 atumlessan (ferritic stainless steel) N3l

Voo s 2 K ™ s & K o

WS Taslsuaanune 1 nloswud laguimin uag 10 mloswud lasiiviin luanigle
..

o a 1 o a a o 3
U1 “ﬁ’é}ﬂ!ﬁail 550 600 625 Liag 650 mmmm%a NUIBATINITINADDNWIATUUDIUK AN 1%Cr

A da! 9 a a % d' d%' [ dl
1ag 10%Cr NNVUAIYYUYHUNITNATDUDDNHAFUNTIVU ﬂﬂl!ﬁﬂﬂiug‘ﬂ“ﬂ 2.7 (D) 18 (V)

10 7 0
625°C - 650°C

4 I g 6 . I
=z 8 .- S ) 625'C
g .- g 5 e
=6 - 600°C S )
- / . — = S 600°C
S g ‘ = 3 il .
£ ES 550'C
2l S 25 g

2 S 550°C 1

o ] . .

0 200 400 600 800 1000 9lus 200 400 600 800 1000 Falug
(M) 1%Cr (V) 10%Cr

519 2.7 1w

=

Innulasunladlvoanan (7) 1%Cr 1ag (V) 10%Cr (Zurek, J. et al., 2004)

mounting

(n) 1%Cr

INi -coating

(¥) 10%Cr

{ < @ a @
gﬂﬁ 2.8 Iﬂﬁ\?ﬁ%}W\‘lﬂaﬂWﬂﬂl@\‘llﬂﬁﬂ 1%Cr 11ag 10%Cr HaIN1INATUDDNHLAYTU

Tuns581Mer Ar-50% H,0 1@ 650 D uxaiised; (n) 1%Cr

1ag (V) 10%Cr (Zurek, J. et al., 2004)
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Mumumsiineendatu uazielrvunaen Iasieouiin1ue191u (Snyder, D.L., 2000)
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o ' J 4
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A 9 A 1 [ gﬂ T Y =3 1
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A o 9 A A 1 [ g‘x o Y ~ [
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Y 1
indouATangaao Wi (electroplating)  tnavwiliorunszua llihnszuaasaudtllds ga
) a 4 a .
wraam ldansazaredianIas ladezinavuiunsusngarsaisazareale 1 (electrolysis)
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H 4
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Anode: M, —» M, +e (2.9)
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H
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nvrau (ualne) Malgnssisandu

. ]

Cathode: M w T € —> M, (2.10)
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~ 1 a . A ~ 9 ?x}f A ~ 1

UIN L3YNI UANDDOU (cation) AADUNIUINIVIAU (cathode) uazaumﬂwuﬂizi}au 15817
a . di ~ 9 31./ o Y a ?zlz A a A [

UOUDDOU (anion) LAADUNIUIVIVIVIN (anode) vlﬂmﬂ@wumaauwwmTawzmmaamguu

v H 9
AR UDNUDIFUNUNADIT N VI UV Irad91e 1 (Kim, S.H., 2005)
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3.2.3.1 MINAABUMIINABBNTIATUUVUABIHBA (continuous oxidation test)
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3.2.3.2 MINATDUIDNTBIATUHULIITO (cyclic oxidation test)
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M3199 3.7 gl lumsnadoumsaautiud1075 Heat-Quench Test (ASTM B571-97, 2000)
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T4 1.40 - 1.01 1.98 93.81
C-2 TO 3.10 1.01 11.16 84.72 -
Tl 3.08 0.71 11.25 84.96 -

T4 1.48 - 0.73 1.98 95.81
C-3 TO 4.23 0.63 10.89 84.26 -
T1 3.46 0.94 10.77 84.81 -

T4 1.75 - 0.69 3.58 93.98
D-3 TO 3.39 0.87 10.78 81.96 -
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T4 2.10 - 2.55 1.02 94.32
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Cr 2.15 1.98 9.42
Fe 5.06 14.30 73.37
Ni 71.04 83.72 17.21
B-0: T4 O 1 - -
Si i - -
Cr 281 0.80 9.57
Fe 13.32 4.74 79.85
Ni 70.89 94.46 10.58
C-3:T2 O 6.29 - -
Si 2.70 - 1.39
Cr 2.60 2.45 8.91
Fe 15.85 15.05 69.70
Ni 72.56 82.50 20.00
C-3: T4 0 2.24 1.05 -
Si - - -
Cr 2.76 - 8.86
Fe 1.34 1.79 76.74
Ni 93.65 97.16 14.41
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GEIRE 519 esiudlasinmin
MInNAToL Fua c o Si Cr Fe Ni
TO - 2.90 0.96 10.66 85.53 -
B-0 Tl - 277 | 070 | 11.10 | 85.43 -
T2 - 1.45 - 1.89 | 614 | 90.52
T3 - 1.86 - 144 | 1.07 | 95.63
T4 - 1.40 - 1.01 1.98 93.81
TO 5.99 - 0.80 10.21 83.00 -
C-2-CO2 T1 4.39 4.16 0.65 10.32 80.48 -
T2 579 | 142 - 140 | 643 | 84.96
T3 560 | 1.34 - 0.69 | 3.93 | 8845
T4 622 | 155 - 1.05 1.09 | 90.08
TO 4.24 3.77 0.90 12.96 78.13 -
C-3-CO2 T1 5.45 2.90 0.74 10.44 80.47 -
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A15199 4 1N asuudasno e NUNHIVeIF LU NRIUNMTNATOUODNFATULLIL

a

1 d‘ dl = a
ABDLUDY NYUNHU 200 DIAUFALK Tuyssemeng

U

??uqm m_(g) m (g) S (mmz) m, (g/mmZ)
T0-180 3.9713 3.9718 554.4665 9.0176E-07
T0-600 3.8553 3.8558 539.8165 9.2624E-07
T0-1200 3.7704 3.7708 537.2615 7.4451E-07
T1-180 3.7847 3.7854 541.8102 1.2919E-06
T1-600 3.6853 3.6859 537.9990 1.1152E-06
T1-1200 3.5953 3.5958 517.4881 9.6620E-07
T2-180 3.9035 3.9041 553.0965 1.0848E-06
T2-600 3.3808 3.3813 509.3765 9.8159E-07
T2-1200 3.8169 3.8174 542.2952 9.2200E-07
T3-180 3.9456 3.9462 553.7202 1.0835E-06
T3-600 3.6465 3.6470 521.6973 9.5841E-07
T3-1200 3.4454 3.4459 507.9440 9.8436E-07
T4-180 3.6694 3.6700 502.4015 1.1942E-06
T4-600 3.7934 3.7939 537.7831 9.2974E-07
T4-1200 3.7453 3.7458 5339115 9.3648E-07
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GT;'I‘LJNM m,(g) m (g) S (mmz) m, (g/mmz)
T0-180 3.7217 3.7223 526.2198 1.1402E-06
T0-600 3.6567 3.6572 521.1969 9.5933E-07
T0-1200 3.7154 3.7159 527.0915 9.4860E-07
T1-180 3.4458 3.4465 498.0640 1.4054E-06
T1-600 3.5535 3.5542 521.2081 1.3430E-06
T1-1200 3.5471 3.5477 515.8348 1.1631E-06
T2-180 3.8844 3.8850 538.2948 1.1146E-06
T2-600 3.7874 3.7879 530.2827 9.4289E-07
T2-1200 3.8238 3.8243 533.5061 9.3719E-07
T3-180 3.9963 3.9970 549.2898 1.2743E-06
T3-600 3.6310 3.6316 508.2198 1.1805E-06
T3-1200 3.0408 3.0413 540.2140 9.2555E-07
T4-180 4.0225 4.0232 543.7148 1.2874E-06
T4-600 3.6505 3.6511 506.7786 1.1839E-06
T4-1200 3.7548 3.7553 522.2798 9.5734E-07
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4 o o -
23T (F9UN 90) NYWUNNY 200 DIAUF AT Tuussermalna

U

??uqm m_(g) m (g) S (mmz) m, (g/mmZ)
T0-180 3.7963 3.7967 545.7931 7.3287E-07
T0-600 3.7516 3.7519 534.9302 5.6100E-07
T0-1200 3.8150 3.8152 528.3386 3.7854E-07
T1-180 3.9210 3.9218 528.3386 1.5100E-06
T1-600 3.6881 3.6388 546.5077 1.2800E-06
T1-1200 3.8006 3.8010 532.7256 7.5100E-07
T2-180 4.0451 4.0457 559.9248 1.0715E-06
T2-600 3.7801 3.7807 541.8690 1.1072E-06
T2-1200 3.8109 3.8114 538.0398 9.2929E-07
T3-180 3.9467 3.9472 550.1090 9.0891E-07
T3-600 3.9516 3.9521 555.4665 9.0014E-07
T3-1200 3.9078 3.9083 550.1343 9.0900E-07
T4-180 3.9266 3.9271 558.5510 8.9500E-07
T4-600 3.9332 3.9337 554.1673 9.0200E-07
T4-1200 3.4778 3.4781 507.3452 5.9100E-07
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fﬁymm m_(g) m (g) S (mmz) m, (g/mmz)
T0-180 3.2319 3.2324 481.0498 1.0393E-06
T0-600 3.8719 3.8728 540.7040 9.2500E-07
T0-1200 3.9247 3.9250 553.0965 5.4240E-07
T1-180 3.3049 3.3055 488.7981 1.2300E-06
T1-600 3.4457 3.4464 496.9090 1.4087E-06
T1-1200 3.8687 3.8693 550.5043 1.0899E-06
T2-180 3.7978 3.7985 548.5160 1.2761E-06
T2-600 3.7920 3.7922 546.4598 1.0979E-06
T2-1200 3.6100 3.6105 521.9948 9.5786E-07
T3-180 3.9890 3.9896 558.7798 1.0737E-06
T3-600 3.6986 3.6991 536.5706 9.3184E-07
T3-1200 3.8643 3.8647 543.6665 7.3600E-07
T4-180 3.8060 3.8064 544.0265 7.3500E-07
T4-600 3.8943 3.8948 550.8148 9.0800E-07
T4-1200 3.8950 3.8955 557.9981 8.9600E-07
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L} A‘ dl
ADIUDY NYUH

a

AU 300 B3FLHDL

U

~ 4 4
Foa luussemeamsuou'laoon laq

G'f?mm m_(g) m (g) S (mmz) m, (g/mmZ)
T0-180 3.6921 3.6922 532.8473 1.8800E-07
T0-600 3.7684 3.7684 535.9997 0.0000E-07
T0-1200 3.8286 3.8286 511.2923 0.0000E-07
T1-180 3.5568 3.5570 525.1310 3.8100E-07
T1-600 3.7364 3.7365 536.8915 1.8600E-07
T1-1200 3.9487 3.9488 556.5398 1.8000E-07
T2-180 3.9392 3.9393 551.6129 1.8100E-07
T2-600 39133 39134 558.5223 1.7900E-07
T2-1200 3.8497 3.8498 543.1673 1.8400E-07
T3-180 3.8520 3.8521 556.9119 1.8000E-07
T3-600 3.8783 3.8784 551.7683 1.8100E-07
T3-1200 3.8295 3.8296 537.8573 1.8600E-07
T4-180 3.9411 3.9412 560.0600 1.7900E-07
T4-600 3.4238 3.4239 508.5472 1.9700E-07
T4-1200 3.7972 3.7973 543.4515 1.8400E-07
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A A ~ s s
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U

G'T?mm m_(g) m (g) S (mmz) m, (g/mmZ)
T0-180 3.8512 3.8514 551.6408 3.6255E-07
T0-600 3.7655 3.7657 542.8705 3.6800E-07
T0-1200 3.6691 3.6692 529.3722 1.8890E-07
T1-180 3.8518 3.8520 547.2473 3.6500E-07
T1-600 3.7835 3.7837 529.7018 3.7800E-07
T1-1200 3.8744 3.8746 544.2198 3.6700E-07
T2-180 3.8481 3.8483 553.0598 3.6162E-07
T2-600 3.8484 3.8486 545.4623 3.6666E-07
T2-1200 3.6135 3.6136 516.1233 1.9375E-07
T3-180 4.0173 4.0175 562.3983 3.5562E-07
T3-600 3.8614 3.8616 540.6653 3.6991E-07
T3-1200 3.8361 3.8362 548.0464 1.8200E-07
T4-180 3.9832 3.9834 562.3983 3.5600E-07
T4-600 3.9211 3.9212 540.6653 1.8500E-07
T4-1200 3.9620 3.9621 548.0464 1.8200E-07
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U

G'T;mm m_(g) m (g) S (mmz) m, (g/mmz)
T0-180 3.9005 3.9007 546.1658 3.6600E-07
T0-600 3.9101 3.9103 538.8026 3.7100E-07
T0-1200 3.6041 3.6043 522.4385 3.8300E-07
T1-180 3.9795 3.9798 551.5995 5.4400E-07
T1-600 3.8979 3.8982 5504116 5.4500E-07
T1-1200 3.6733 3.6735 532.2533 3.7600E-07
T2-180 4.0129 4.0132 566.6504 5.2900E-07
T2-600 3.5442 3.5444 518.9948 3.8500E-07
T2-1200 3.7479 3.7481 536.4548 3.7300E-07
T3-180 3.7293 3.7295 540.1289 3.7000E-07
T3-600 3.8004 3.8006 545.0710 3.6700E-07
T3-1200 3.8221 3.8223 542.4864 3.6900E-07
T4-180 3.9646 3.9648 559.4914 3.5700E-07
T4-600 3.8916 3.8918 552.6823 3.6200E-07
T4-1200 3.9413 3.9415 564.3741 3.5400E-07
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SE008
The Oxidation Behaviour of Stainless Steel AISI 409 Coated by Decorative
Nickel-Chromium Plating

Thipusa Wongpinij, Theerayut U-dom, Thamrong Suptrakun, Tawesuk Puttanasun, Channarong Pimpan,
Nisit Nangnoi and Pornwasa Wongpanya*

School of Metallurgical Engineering, Institute of Engineering,

Suranaree University of Technology, Nakhon Ratchasima, 30000, Thailand

(* Corresponding author. E-mail address: pornwasa@sut.ac.th)

Abstract

The continuous and cyclic oxidation behaviour of ferritic stainless steel AISI 409 surface-coated by
decorative nickel-chromium plating was studied. Firstly, the plated AISI 409 steel samples were cut into
rectangular pieces of 20%10*3 mm. Nickel plating was electroplated with various times, ie., 0, 5, 10 and 15
minutes; subsequently the decorative chromium plating was performed for 5 minutes. Then, the samples were
exposed to 200°C and 300°C. The degradation of samples was evaluated by considering weight alteration after
oxidation test. The oxidation products and surface of samples were characterized by optical microscope and
scanning electron microscope (SEM) with energy dispersive X-ray analysis (EDX). From the results, it is
obvious that the samples with the nickel pre-plating before chromium plating show higher oxidation resistance
than the samples with only the chromium plating. Moreover, the oxidation resistance of the samples gradually
increases with the thickness of nickel pre-plating. In addition, surface roughness of the samples prior to nickel
andfor chromium plating and temperature of testing drastically affect oxidation rate. The best condition to
approaching the high oxidation resistance and the beautiful appearance is that the samples have to be nickel
pre-plated for 15 minutes subsequently they are immersed in the chromium plating bath for 5 minutes.

Keywords: Oxidation behaviour, Ferritic stainless steel AISI 409, Decorative nickel-chromium plating
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Chromium Plating

Thipusa Wongpinij, Theerayut U-dom, Thamrong Suptrakun, Tawesuk Puttanasun, Channarong Pimpan,
Nisit Nangnoi and Pornwasa Wongpanya*®

School of Metallurgical Engineering, Institute of Engineering,

Suranaree University of Technology, Nakhon Ratchasima, 30000 Thailand

(* Corresponding author. E-mail address: pornwasa(@sut.ac.th)

Abstract

The continuous and cvelic oxidation behaviour of ferritic stainless steel AISI 409 surface-coated by decorative
nickel-chromium plating was studied. Firstly, the plated AISI 409 steel samples were cut into rectangular
pieces of 20%10%3 mm. Nickel plating was electroplated with various times, i.e., 0, 5, 10 and 15 minutes;
subsequently the decorative chromium plating was performed for 5 minutes. Then, the samples were exposed
to 200°C and 300°C. The degradation of samples was evaluated by considering weight alteration after
oxidation test. The oxidation products and surface of samples were characterized by optical microscope and
scanning electron microscope (SEM) with energy dispersive X-ray analysis (EDX). From the results, it is
obvious that the samples with the nickel pre-plating before chromium plating show higher oxidation resistance
than the samples with only the chromium plating. Moreover, the oxidation resistance of the samples gradually
increases with the thickness of nickel pre-plating. In addition, surface roughness of the samples prior to nickel
and/or chromium plating and temperature of testing drastically affect oxidation rate. The best condition to
approaching the high oxidation resistance and the beautiful appearance is that the samples have to be nickel

pre-plated for 15 minutes subsequently they are immersed in the chromium plating bath for 5 minutes.

Keywords: Oxidation behaviour, Ferritic stainless steel AISI 409, Decorative nickel-chromium plating

1 Introduction

Ferritic stainless steel is generally used in many
industrial applications such as sink, washing-
machine part, furniture and exhaust systems of
motor vehicles because its price, mechanical
property and corrosion resistance are reasonable
[1]. In general, the ferritic stainless steel can be
used to resist atmosphere and exhaust gas
corrosion as well but the corrosion product, which
is rust, on the surface is not desirable for
decorative application [2]. Therefore, surface
modification has been extensively used for
improvement of surface of engineering parts. The
most important technique using for surface
improvement is chromium plating. The chromium
plating is versatile and can be applied to a variety
of substrates, including steel and stainless steel [3].
However, it is easy to obtain flaws or cracks in the
chromium surface plating. In order to improve
chromium plating process and reduce defects,
nickel is necessarily pre-plated prior to chromium
plating [4]. Moreover, it is well known that nickel
not only protects the substrate from corrosion, but

it also supports chromium plating to have a white
color that is desirable for decorative applications.
Therefore, nickel-chromium plating is frequently
made on the surfaces of automobile cars, electrical
products and engineering parts for the purpose of
improving the corrosion resistance of the basic
materials and improving the decorative effect by
combination with decorating [5]. However, it still
remains in question about the effective thickness
of nickel pre-plating on the decorative chromium
plating in particular for the exhaust tube system of
motorcycle. In order to understand effect of Ni
pre-plating on the oxidation behaviour of
decorative chromium-nickel plating on AISI 409
stainless steel, firstly the samples were Ni pre-
plated with various times, ie., 0, 5, 10 and 15
minutes before they were Cr plated at a constant
time of 5 minutes. Then, they were exposed to the
temperatures of 200°C and 300°C, which are
typical temperature ranges of the exhaust system
of motorcycle, in the normal atmosphere of the
tube furnace. After the oxidation test, degradation

T. Wongpinij, et al.
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of the samples was evaluated by weight alteration
of each sample. For oxidation products, they were
characterized by optical microscope and scanning
electron microscopy (SEM) with energy dispersive
X-ray analysis (EDX).

2 Experimental
2.1 Sample preparation

The AISI 409 ferritic stainless steel was selected
to be a substrate in this study. The chemical
composition of the AISI 409 steel was measured at
the Center for Scientific and Technological
Equipment, Suranaree University of Technology.
The result is presented in Table 1.

Table 1: Chemical composition of the studied
stainless steel AISI 409 (in wt. %)

For electroplating process, the samples were
immersed in a nickel plating bath (pH 3.5)
containing 250 g/l of nickel sulfate, 40 g/l of
nickel chloride, 40 g/l of boric acid at 40°C and 3
A/dm? at various times, i.e., 0, 5, 10 and 15
minutes. After being nickel plating, the samples
were then immersed in a chromium plating bath
(pH 3.5) containing 250 g/l of Chromic acid, 2.5
g/l of sulfuric acid, at 46°C and 35 A/dm® at a
constant time of 5 minutes. The thickness of nickel
and/or chromium plating was measured by SEM
and the results were presented in Table 2.

Table 2: Thickness of decorative Ni-Cr plating
and surface roughness of samples
before and after electroplating

Grade | Cr Si C Mn | P S Fe

409 11.00 | 1.00 | 0.08 | 1.00 | 0.04 | 0.04 | Bal

Figure 1 shows the preparation of samples. Firstly,
the samples were cut into rectangular pieces of 20
x 10 x 3 mm. Then, the samples were surface-
prepared with alteration of surface roughness prior
to the decorative nickel-chromium plating in order
to monitor effect of surface roughness of substrate
on degradation at temperature above room
temperature of the decorative nickel-chromium
plating. The samples were polished by a silicon
carbide paper with various grit numbers such as
180, 600 and 1200 for preparing surface roughness
of the substrate. In addition, a profile-meter
(Veeco) model was used to measure surface
roughness in terms of Ra (um) of samples before
and after plating.

Samples
(size 20 x 10 % 3 mm)

Surface - prepared
by the $iC paper (T0)

¥
| 2180 (T0usc) || 2600(T0ue) || £1200(T01ce)

Electraplating

Chromium plating for § minutes (T1)
[Ty, Tlegs, Thizes]

Nickel (5 min) -Chromium plating for 5
minutes (T2) [T21s0, T2se. T21200]

Nickel (10 min) -Chremium plating for §
minutes (T3} [T31sn. THon, THnos]

Nickel {15 min) -Chromium plating for 5
minutes (T4) [T41z0, Tse, Tdiaoc] Samples for the oxidation tet

Figure 1: Flow chart of sample preparation.

Samples Thickness of Surface roughness
decorative Ni-Cr (in Ra)
plating (in pm)
Ni Cr Before After
plating | plating
T0go none none 279.40 none
TOg00 none none 207.58 none
T0200 none none 168.53 none
T1 50 none 0.10 29432 | 15791
Tlgoo none 0.20 21542 | 14831
T1 200 none 0.20 167.53 90.21
T2150 2.00 0.20 267.53 | 15235
T2600 2.00 0.20 198.60 | 138.86
T2 200 2.50 0.20 165.56 | 86.04
T30 3.00 0.30 22530 | 148.88
T340 3.40 0.20 185.35 | 118.80
T30 3.60 0.20 156.74 | 70.65
T4 50 4.00 0.20 284.56 | 148.63
T4 0 5.00 0.20 19545 | 11447
T4 200 5.00 0.20 177.35 66.96

As shown in Table 2, it is clearly demonstrated
that the surface roughness of the samples
significantly changed with the SiC paper. For
example, the samples polished with the SiC paper
of up to number 180 have rougher surface than the
samples that are polished with the SiC paper of up
to number 600 and 1200, respectively. In addition,
it is found that surface roughness of substrate prior
to electroplating significantly affects roughness of
the electroplating.

T. Wongpinij, et al.
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2.2 Experimental procedure

The degradation of bare and coated AISI 409
stainless steel was studied by heating at the
temperature of 200°C and 300°C in the normal
atmosphere of the tube furnace. The degradation
of the samples was evaluated by measuring the
weight alteration per the exposure area (AW/S)
versus the oxidation time. Firstly, the weight and
the exposure area of the samples were measured
before oxidation test. Then, the samples were
exposed to a given temperature with various
exposure procedures, i.e., continuous and cyclic
oxidation tests. Effect of exposure time on the
degradation of the samples also has been
evaluated. For example, the oxidation times were
45, 90, 135 and 180 hours for the continuous
oxidation test. For the thermal-cycle test, the
oxidation time were 90 cycles and each cycle is
performed by heating for 2 hours at the given
temperature; subsequently cooling in the tube
furnace for 30 minutes and finally cooling in the
air for 30 minutes. The deterioration of each
sample was measured after high temperature
exposure by weight measurement in each
condition, i.e., every 45, 90, 135 and 180 hours for
the continuous oxidation test and every cycle for
thermal-cycle test.

Sanples for the exidation test

Weight ( W} and the exposure area ($) of the
sumples were measused befire oxidation test

'

The oxidatica test at 200 °C and 300°C
in the normal atmosphere.

1 )
The continucus axidutica test | Il'lue:_\r;mmdanm:es'. ]
] 3

{W,)in each the oxidation times, Le. every 43, 80, 133 onddation rest (W) in each the cyde.

Weight of samples were measwed afier axidations test || Weight of saraples were measuzed afier ‘
and 190 houss. | |

Weight measurement (g mn’)

[W; - W5

Mictostruetural examination and
Surface analysis

Figure 2: Experimental procedure.

Figure 2 shows the procedure of weight
measurement and oxidation test. After exposure,
the oxidation products were characterized by
optical microscope, scanning electron microscopy
(SEM) with energy dispersive X-ray analysis
(EDX). Before mounting the samples for
metallographic cross-section analyses, the samples
were electroplated by copper in order to avoid
evolution of oxide layer during grinding and

polishing. In addition, the copper electroplating is
usefil for a better optical contrast between oxide
and mounting material [6].

3 Results

As described previously in the introduction and the
experiment procedure, the degradation of bare and
decorative plating samples in terms of weight
change per exposure arca have been studied with
various parameters such as surface roughness,
exposure temperature, thickness of nickel pre-
plating and condition of oxidation test. The
important results are shown as followings.

3.1 Oxidation behaviour
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Figure 3: Weight change of bare, Cr plating and
Ni-Cr plating samples at 200°C and 300°C
with different exposure techniques:

a) Continuous oxidation and b) Cyclic oxidation.

Figure 3 shows weight change of bare, Cr plating
and Ni-Cr plating samples at 200°C and 300°C for
180 hours with different exposure techniques, i.e.,
continuous and cyclic oxidation. It is obvious that
exposure techniques significantly affect oxidation
rate, representing in terms of weight change per
surface area (g/mm’), of all samples. The
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oxidation rate of all samples tested under the
cyclic oxidation test is higher than that of all
samples tested under the continuous oxidation test.
This might be explained that metal firstly reacts
with oxygen in air at temperature above room
temperature; subsequently metal oxide produces
on such surface. At high temperature, the metal
oxide is still ductile and it adheres on the surface.
However, the metal oxide losses adhesion force
between its self and metal substrate during cooling
process due to the difference of thermal expansion
coefficient between the metal substrate and metal
oxide. As a result, the metal oxide is removed
casily during the cyclic oxidation test [7]. By
considering surface roughness, it is obvious that
surfice roughness prior to electroplating
significantly affects the oxidation rate. The
samples prepared under the finer surface
roughness, ie., 600 and 1200, have lower
oxidation rate than the samples prepared under the
rough surface (180) for all exposure techniques
(Figure 3a and Figure 3b). In addition, it is found
that the surface roughness of all samples is
changed to be finer, after the Cr and/or Cr-Ni
plating have been applied to such surface of
samples, as shown in Table 2. This implies that the
oxidation resistance is better since the Cr and/or
Ni-Cr plating have been coated on the surface of
AISI 409 stainless steel. Those are certainly
observed by monitoring weight change per surface
area of T1, T2, T3 and T4 samples, respectively. It
is found that the weight change per surface area is
gradually decreased since the Cr and/or Ni-Cr
plating have been applied on the surface. And, the
best oxidation resistance can be found in T4
sample that is prepared by the nickel pre-plating
for 15 minutes and chromium plating for 5
minutes. However, it is remarkable that the bare
sample shows higher oxidation resistance than the
Cr and/or Ni-Cr plating samples for all conditions,
i.e., at 200°C and 300°C and for continuous and
cyclic exposures. This can be explained by
considering EDX analysis of elements on surface
of each sample as demonstrated in Table 3. It is
clearly demonstrated that the bare sample (T0) and
the Cr plating sample (T1) have the same elements
on the surface in particular for silicon, while the
Ni-Cr plating samples, i.e., T2, T3 and T4, do not
have silicon on the surface after oxidation test.
This implies that the silicon is a helpful element to
reduce oxidation of AISI 409 stainless steel. This
might be the fact that a silicon-rich layer was

developed at the surface of bare sample (TO)
during oxidation process. The reason why the
silicon-rich layer occurred easily is that the silicon
dioxide (Si0,) has the largest negative value of
AG" for the bare sample (T0). In addition, the SiO,
produced on the surface of the bare sample (T0) is
helpful to delay oxide fracture and to prevent the
chromium diffusion away from the substrate [8, 9].
As a result, the bare sample (TO) has better
oxidation resistance than the other samples.
However, the Ni-Cr plating is still important for
the decorative application because its appearance
after high temperature exposure is more beautiful
than the appearance of the bare sample as shown
in Figure 4. From Figure 4, it can be seen that the
color of the TO and T1 samples changed from
silver-white to dark-brown, while the T2 sample
changed from silver-white to yellow. And, the
color of Ni-Cr plating with the thickest of Ni is
brighter than the other samples as can be seen in
the T4 sample.

Table 3: EDX analysis of elements on surface of
the samples.

Element TO Tl T2 T3 T4

0 B-0 2.90 2.77 1.45 1.86 1.40

C-2 3.10 3.08 1.76 2.24 1.48

C-3 4.23 3.46 2.24 2.31 1.75

D-3 3.39 3.29 1.48 1.94 2.10
Si B-0 0.96 0.70 - - -

Cc-2 1.01 0.71

C-3 0.63 0.96

D-3 0.87 0.72

Cr B-0 | 10.66 | 11.10 | 1.89 1.44 1.01

C-2 | 1116 | 11.25 | 2.12 3.10 0.73

C-3 | 10.89 | 10.77 | 1.00 2.12 0.69

D-3 | 10.78 | 12.82 | 1.15 2.65 2.55

Fe B-0 | 8553 | 8543 | 6.14 1.07 3.79

C-2 | 8473 | 8496 | 6.25 1.14 1.98

C-3 | 8426 | 84.81 | 5.07 1.25 3.58

D-3 | 8496 | 83.16 | 5.35 1.22 1.03

Ni B-0 - 90.52 | 95.63 | 93.81
C-2 - - 89.86 | 93.52 | 95.81
C-3 - - 91.47 | 94.32 | 93.98
D-3 - - 91.95 | 94.19 | 94.32

*Remarks: B-0 — Before oxidation, C-2 — Cyclic
oxidation at 200 "C, C-3 — Cyclic oxidation at 300 °C
and D-3 — Continuous oxidation at 300 °C

From Figure 3, the Cr plating sample (T1) shows
the highest weight change. This is due to the fact
that such sample was only Cr plated. And, after the
Tl sample was subjected to the given
temperatures, the chromium layer was oxidized to

T. Wongpinij, et al.




105

The 5™ Thailand Metalturgy Conference (TMETC-5)

chromium oxide easily [10]. And, it is well known
that the Cr layer, performed by electroplating
method, normally has flaws or cracks in its layer
[5]. As a result, oxygen atoms diffuse through the
flaws or cracks and chromium oxide to oxidize the
substrate easily. In contrast to the chromium oxide,
it is not easy for the oxygen atoms to diffuse
through the Si0, and to react with the substrate
[9]. Therefore, the Cr plating sample (T1) shows
higher weight change than the bare sample (T0).

a)To

b)T1

c)T2

d)T4

Figure 4: The surface color of samples after
oxidation test at 300°C for 180 hours.
a) Bare samples b) Cr plating samples
¢) Ni-Cr plating samples (thinnest Ni layer)
d) Ni-Cr plating samples (thickest Ni layer)

As to be expected, the weight change of all
samples significantly increased with the test
temperature. As shown in Figures 3a and Figure
3b, it is obvious that the oxidation rate of all

samples at the temperature of 300°C is higher than
that of all samples at the temperature of 200°C.
This is due to the fact that the higher temperature
atmosphere in general accelerates the diffusion of
metal or oxygen atoms through the oxide layer
than the lower temperature atmosphere [11]. This
means that the metal reacted with the oxygen

easily at the high temperature.
—r—g -
Cr layer ' % e
! - 3 Ed
B

Ni layer
= f
Region 2 EI

Region 3

Region 1

Substrate

a) before the oxidation test

o

Region 1

Cr layer
D Ni layer
Region 2
P Region 3

e SibstTRG e “Rogion 4

B T43

b) after the cyclic oxidation test

] Nilayer
Region 1 Cr layer Fogion 2
Region 3
Substrate

¢) after the continuous oxidation test

Figure 5: The SEM images on cross-section of
Ni-Cr plating samples with the thickest Ni layer
(T4) tested at 300°C for 180 hours.
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Table 4: EDX analysis of elements on
cross section of each sample.

Sample | Element Region
1 2 3 4
T0 0 2.24 - & -
B-0 Si 0.70 | 0.78 = B
Cr 10.04 | 11.08 - -
Fe 87.02 | BR.14 - -
Ni - - - -
il | (8] 5.90 2.40 - -
B-0 Si 0.98 | 0.93 - -
Cr 1472 | 11.09 - -
Fe 78.40 | B552 - -
Ni - - - -
T2 0 7.56 - - -
B-0 Si 2.77 = z E
Cr 215 | 198 | 942 | -
Fe 506 | 1430 | 7337 | -
Ni 71.04 | 83.72 | 1721 | -
T4 o - - E =
B-0 Si = - - =
Cr 2.81 0.80 9.57 -
Fe 1332 | 474 | 79.85 -
Ni 70.89 | 9446 | 10.58 -
TO 0] 1.50 - - -
C-3 Si = 0.57 E 5
Cr 10.68 | 10.85 - -
Fe 87.97 | BR.58 - -
Ni - - - -
0 | 0 1.91 1.70 - -
C-3 Si - - - -
Cr 10.57 | 10.55 - -
Fe 87.52 | B7.65 - -
Ni - - - -
T2 0 6.29 - = -
C-3 Si 2.70 = 1.39 :
Cr 2.60 245 8.91 -
Fe 15.85 | 1505 | 69.70 -
Ni 72.56 | 82.50 | 20.00 -
T4 0] 2.24 1.05 - -
-3 Si g . 5 0.93
Cr 2.76 - 8.86 | 10.61
Fe 1.34 1.79 | 76.74 | 87.84
Ni 93.65 | 97.16 | 1441 1.08
T4 0 5.69 1.37 - -
D-3 Si 0.98 - 0.98 -
Cr 1.44 049 848 -
Fe 4.09 | 449 | 64.72 -
Ni 87.80 | 93.65 | 25.81 -

*Remarks: B-0 — Before oxidation, C-2 — Cyclic
oxidation at 200 °C. C-3 — Cyclic oxidation at 300 °C
and D-3 — Continuous oxidation at 300 °C

From Figure 3 and Figure 4, the Ni-Cr plating
sample with the thickest Ni layer (T4) shows

better oxidation resistance and better appearance
than the other plating samples, i.e., T1, T2 and T3.
In order to understand such behaviour, the T4
sample was cut and was chemical analyzed as
shown in Figure 5. For a comparison, the other
interesting samples such as T0, T1 and T2 also
were cut and were chemical analyzed as shown in
Table 4. As shown in Table 4 in particular for
region 2 that is the Ni layer, it is obvious that the
T4 has iron and chromium lower than T0, T1 and
T2 after exposure to 300°C. This means that the
ability to inhibit oxidation of iron and chromium
depends on the thickness of the Ni layer. The
thicker the Ni layer, the greater the oxidation
resistance. Figure 5b and Figure 5S¢ show that the
sample tested under cyclic oxidation test exhibits
much thicker oxide layer than the sample tested
under continuous oxidation test. This can be used
to confirm that the cyclic oxidation test is more
aggressive than the continuous oxidation test.

3.2 Microstructure evaluation

T4-180

T4-1200

5 ym

Figure 6: The SEM images of the samples
before oxidation test.

Figure 6 shows SEM images of surface of the bare
(T0), the Cr plating only (T1) and the Ni-Cr
plating samples (T2 and T4) before oxidation test.
It is seen that at the same surface-prepared by
polishing with SiC No. 180, i.e., TO-180, T1-180,
T2-180 and T4-180, the plated samples have
smoother surface than the bare sample. Moreover,
it is found that the smoother surface of the plated
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samples can be approached by polishing the
substrate with SiC No. 600 and 1200. Figure 7
shows the surface of the bare (T0), the Cr plating
only (T1) and the Ni-Cr plating samples (T4) after
oxidation test at 300°C for 180 hours (the worst
case). It is obvious that the exposure procedures,
i.e., continuous and cyclic oxidation tests,
significantly affect the degradation of samples.
The cyclic oxidation test is more severe than the
continuous oxidation test. Those can be observed
by considering the corrosion products and cracks
produced on the sample surface. The corrosion
products formed on surface of the bare (T0) and Cr
plating (T1) samples. Figure 8 shows the crack
area of the bare sample after the cyclic oxidation
test at 300°C for 180 hours. The EDX analysis
confirms the content of Fe and O within corrosion
products as shown in Figure 9.

Cyclic Oxidation Test

Continucus Oxidation Test

| jm

a

: ion at 300 °C and D-3 -
Continuous oxidation at 300 °C

Figure 7: The SEM images of the samples after
the oxidation test at 300°C for 180 hours.

4  Conclusions

From the first investigation of oxidation resistance
of nickel-chromium decorative plating on AISI
409 stainless steel at the temperature of 200°C and
300°C in the normal atmosphere, the following
conclusion can be drawn:

[1] The surface roughness of substrate prior to
decorative Ni-Cr plating significantly affected the

oxidation resistance. The smoother substrate
yielded better oxidation resistance.

[2] The bare samples represented lower weight
change than the Ni-Cr plating samples. However,
the appearance of the Ni-Cr plating samples after
oxidation test was more beautiful than that of the
bare samples. As a result, the Ni-Cr plating is
necessary for the exhaust tube system of
motoreycle.

[3] The surface roughness of the decorative Ni-Cr
plating decreased with immersion time of nickel
pre-plating prior to chromium plating. And, the
Ni-Cr plating samples showed lower weight
change than that of the Cr plating samples.

[4] It was observed that the beautiful appearance
and good oxidation resistance strongly depended
on the thickness of nickel layer. And, the best
condition for decorative Ni-Cr plating in this study
was |5 minutes for Ni pre-plating and
subsequently 5 minutes for Cr plating.

[5] The oxidation of samples were strongly
affected by exposure procedures, i. e. continuous
and cyclic oxidation tests. The degradation of
samples were increased significantly by the cyclic
oxidation test.

. W

Figure 8: The SEM images of surfaces of the bare
sample after the cyclic oxidation test
at 300 °C for 180 hours.
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Figure 9: The EDX analysis of spectrum A.
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