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The Effects of Chromium and Silicon on the Corrosion of Steels

by V205 and VzOs"Na2504 MiXtureS

Synopsis:

Shin-ichiro MUROI and Mayumi SOMENO

In order to make clear the effects of alloying elements, especially chromium and silicon, on the
corrosion of steels by V,0; and V;0;-Na,SO, mixtures, the corrosion resistance of Cr steels, Cr-Ni
steel, Cr-Si steel and Cr-Ni-Si steel was examined by weight loss, metallography, X-ray diffraction and
electron beam X-ray microanalysis. The main results obtained are as follows:

1. The corrosion resistance of the steels against molten V;O; at 850°C was increased by the addition
of more than 189 Cr, but less improved by the addition of 12% Cr. This was explained to be due to
the differences in properties and constitutions of the scales. The corrosion resistance of Cr steels was
increased by the addition of 3% Si. This effect was considered to be due to the formation of SiO,
layers in the scales. The enrichment of Ni was observed at the base metal-scale interface of corroded
182, Cr-8% Ni steel, which showed a fairly good corrosion resistance. The existence of Cr Fe,_ VO,
solid solution in Fe;O3-Cry0,-V,0; ternary system was suggested by X-ray diffraction. This solid
solution was found in the corrosion products of Cr-Si steels and 182 Cr-89, Ni steel.

9. The corrosion resistance of steels against molten V,0;-Na;SO, mixture (10 : 1 by weight ratio)
at 850°C was less improved by the addition of 18~21% Cr, but increased by the addition of about
602, Cr. The resistance of Cr steels was improved by the addition of about 3% Si. The effect was
considered to be due to the formation of SiO; layers in the scales.

89, Cr-39% Si steel, which showed a fairly good resistance against the molten mixtures containing
0~30 mold, Na,SO,, showed less resistance against the mixtures more than 40 mol?, Na,SO,. This
difference was considered to be due to the lack of protective SiO; layers.

(Received Sept. 5, 1969)
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Table 1. Chemical composition of steels (wt9).

Steel ] JIS No C Si Mn P S Cu Ni | Cr | Mo
1294,Cr SUS 50 0-15 0-55 0-80 0-025 0-016 0-11 0-22 11-81 —
89,Cr-39,Si SUH 1 0-44 3-15 0-40 0-021 0-011 0-07 0-11 7:99 —
182, Cr-824,Ni Sus 27 0-07 0-64 1-46 0:028 ! 0-021 0-09 9-25 19-35 | 0°07

(2) Arate

Table 2. Chemical composition of ferrous alloys

(Wt%) . TR DFFRAIE D Fe,O;5, CryO5, V205 %D S H,
- - BT+ oT o060 THWE - BEHMKIZ FeeO3-V,0s,
Alloy Cr Si Ni Cr:0;3-Vo0; 2R TR ENME 4:1, 201, 1: 1],
29,Si-Fe — 1-92 — 2:3, ¥/c Fe;03-Cr;05-V05 3LHR T ENEED
39,Si-Fe — 3-50 — . s
494,Si-Fe — 4-35 _ EDXS5ILTz.
994,Si-Fe — 8-96 — (Al) 09:0'1:1'0 (Bl) 09:0:1:0'5
1894, Cr-Fe 17-70 — —
92194,Cr-Fe 21-04 _ _ (A2) 08:0:2:1'0 (B2 0'8:0:2:0'5
1294, Cr-3294,Si-Fe 11-53 3-80 — .05 -1 .2 .0-6.0-
Lo St Ee 138 380 - (A3) 0°5:0°5:1°0 (B3) 0'5:0'5:0°5
1894,Cr-894,Ni-39,Si-Fe 17-65 | 2-96 9-75 (A4 02:08:1'0 (B4 02:08:0'5
(A5 01:09:1'0 (B3 01:09:0'5
Table 3. V,0,-Na;SO, mixtures prepared for corrosion test.
No 12 ] s 4 5
V,;0;5 : NagSO, (wt ratio) L 101 ] 10: 2 3:1 10:5 323
Molo, Na,SO, in mixture 113 | 20-3 29-9 39-1 i 496
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Fig. 1. Effect of Cr and Si on the corrosion of

steels due to V.05 at 850°C.
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Fig. 2. Weight loss of Fe-Cr alloys corroded with
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Fig. 4. Effect of Si on the corrosion jof Cr.steel
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Fig. 5. Weight loss of steels corroded with V05—

Na,SO4 (10 : 1) mixture.
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Photo. 3. Microstructure of 8945Cr-395,Si steel
corroded at 850°C.
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Photo. 4. Microstructure and X-ray image of
1894Cr-89,Ni steel corroded with
V305 at 850°C for 24hr.
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Photo. 5. X-ray image of 8%,Cr-3955i steel
corroded with V.05 at 850°C for 48hr.

Schematic distribution of Si

89 Cr-39,Si §i#% V.0s @i T 850°C, 48hr L
PRI oL TXERT A 2 9 7 F I A — T

B T - - o ) S e A A N 7
IN/IF AR AA0w0. I 4o Ut 4

5(a)~(d) jx Cr, Fe, Si,V @ K, %, (e) ix Si
DS H T L0 THS. HpDHigIvVostio

ig. 8 izl 7. Ph

Fig. 8. Line analysis for Fe, Cr, §i and V in
82,Cr-39,Si steel corrcded with V305 at
850°C for 48kr.

IRRZTT2, ChaegEixr— Vv EDORHEd LD
TLOET5E Fe-K, &b —FLTD), TH4
Bl L T A4 —uric Sirich OfFgMdH 0D G2
br — v Sirich QG ZAT), T OIMIIZ D layer
by layer 4= Si rich QEIIFET 5 T LD A
-t T o Si OEES A Fig. 8 OO ORER
EL—F LT, FhAyr —nwho Cr ORES %
Ktk SimMEONEWEDAT Cr REPILEHIRE
W ko b .

VU % 89%Cr-39Si fROBEMEB % 5 2, B
DL & &, BURS7L OAEL TR D, WEMANTE
PVE KRS DS A — b & & I {F STl

Melt

(1)

(1) Scale

Photo. 6. Corrosion product on 8%,Cr-32,5i1 steel
heated with V.0, at 850°C for 48hr.
x 60 (9/10)

— 93 —



598 g% &

% 56 4 (1970) £ 52

e I

I
¢ MW/L_

o MN\(WV“
sy
e 0T

AN L
A

WM o

0 ESprn -,-M,—\,“

Iriznsity ¢f #w (chart reading)
@
o

-
N———

jg C'"K””W_A WW A AW«M

eoF V-Ke

40 :u\, /\J\NW“‘\-/ ﬂ\-/~-‘/\/\\/—’\J‘‘\/-‘/*’Vﬂﬂ'\’*\«/\/_'
O ! L ] 1} 1 1 ! ! 1

480 380 240 125

Distance from scale-melt interfice

0 120 240 360

{(u)

480 600

Fig. 9. Line analysis for Fe, Si, Cr and V in the scale formed on 89,Cr-39,Si steel.

CEMTER. L LERREICIL D %A
5L Tx b, Photo. 35X
Gl L Ao 24 — v

%3 i )
=i aE» DS
WS DRy —VDEHMINTHD.
JEOFEMEEHEL% Photo. 6 TR L7, [ OS2y
— VBT, 1 OBMSEENRIEEZRL Tk 0, HMBRERE
TIRERRBC Do/ T EFE 2 o5, b1 Eh,
F TS ATV, Fe, Si, Cr, V OELSHi%H
NicfER%E Fig. 9 iRl #KBER (S.C) »5h
B 5572 X 5 WRIEERRIE void 35 X OV a8 % < IETE
MZ ERW vy, Fe ORERSEREY L@ A
BIONTHRRIEL BB EMEE T2 Tkt

YEW. —F Si, Cr ORER T TClIEbdT/hEL
ITRIT LORBEIGEVERS TR KEWT E 3o
7z

3-4 X@ERiAKER

3-4-1 V,0, BWEI X B5HEEARD

(1) figk

750°C, 24hr 3 X (F 850°C, 4hr [EEL7EL 18
%Cr-Fe g ¥ TCH LN D LER Xy —VBIREED bRk
ot BRMEMC OV TXBEW A {Tieo7- 225
V05 3 LU #5580 FeVO, Di3H FeyO,0, FeON3
D L. MEDRIEEE SRR LiEr» ) BIE
ERPBEL TH D, XBETOFHR FeO L3805
iz

(2) 129,Cr £, 189,Cr-Fe, 219,Cr-Fe

(i) @RMI7EmITowvwT

1296Cr §lT1x V205 DIZikbkd CryFe, - 0400 5%
Y 5 AR ERD . 18%Cr-Fe 04 % Fig.
10 (a) WAL=, VoOs LI DOEIHi#D RS St
HRE T E7eh Dtz 219%Cr-Fe OMIT EA L Va0,
OBEZEZSLND.

(1) 24 —NEBIL2DWT

VARSI IE T 2 S U 7o b & ORER A 1TV BUSAE R I hs
ERMAFELTE Y, 129%Cr OgAHHIEILVEATH
27z (Photo. | (a)) 73, 18%Cr-Fe, 219Cr-Fe D
BHENE S CLELR Sy —WhERb L.

129%Cr $ADIGE, 245 — v DIMADERS TrE V05D
127> CryFe,_, VO, 23320 5755, HNERTIE V05
DEHFFHIIRLZCTH LD, FTH4&BICEL T Cr Fe_,
VO, DA (Cr, Fe),09, FeO-CryOy» DEI k27358
bbbt

18%Cr-Fe D247 — v OXEIFEESE% Fig. 10(b)
~(e) [WiRL7z. A4 — VDI HIDERSTIE V05 D

AT X ENDERIT 334 T b B binsd D, d=171
Az ¥ ¥ 2 3V EIREAED 5 h 345, RERTIE

VoOs OMMBTEET 5 & & T XENDEIFEAEE A3 L 7
DTV, XENOBTHOEEIC- OV TRE LR o
SVOHREDELLNBEDT, V.0 DI EALYED
LBARVRAIORr — v EBREHFEIC L CX SRR 7%
DL I BHBD Fig. 12 0 A4 LIFLAEY—FT5

_ 94 —



V20;: 35 X 08 Vo0s-NaSO, IRABMMIC X 5MOBRCRET 7 v &, HRORE 599
_ (o} Melt
- S
s |3 .
" 2D o » O"' On > g‘
g3 2% 3 = $
ot oy 1l 1 | 1 1 I | l
* (b) Scale (outer)
~ x X XXX
n
‘u
| | | 1| [ || I
B {c) Scale
~>: Xxxx
g X
E I [ L A i Il Lt
© x x X (d) Scale
= X
=}
* |
X
1 1 1 i “l I !
‘e L;f o R e (e) Scale (irner)
flesgs e 9 : :
SITET |8 L [l S &
= {
it 1 e LT R N i l i ! o1 1 ;I
{ | | | | 1 1 | I |
'S 20 25 30 35 40 4'5 50 55 60
Lattice spacing ()
Fig. 10. X-ray diffraction patterns obtained from corrosion products of 189%Cr-Fe
due to V05 at 850°C for 96hr.
Table 4. Observed lattice spacings from corrosion products of 894,Cr-3%,Si steels (Cr-K,).
In V,05-50 mol% Na,O, at 850°C, 6hr
(Cr, FC) 203 Na25i409 NazsiOQ
Observed
ASTM 2-1357 ASTM12-102 ASTM 16-818
d (A) I/ (%) | dA) /1 d (A) /I d(A) /1 hkl
9-39 26 9-40 80
527 18 5-26 40 100
523 26 5-21 100
4-77 26 4-76 20
374 15 3-73 80
3:68 41 3-68 80
3557 20 3-56 40 101
3-455 21 344 70
3-185 21 3-17 40
3039 21 3-04 100 110
3-011 26 3-02 60 ‘
2-914 18 2-91 40 i i
2-694 100 2:69 80 | !
2570 18 2:570 45 111
2:517 74 2°50 80
2-393 22 2:412 50 002
2-205 36 2:19 80
2-070 23 2-06 20
1-880 15 1-889 25 112
1-839 33 1-83 80 1.840 8 211
1-757 23 1.756 25 300
1-692 46 1-68 100
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TXDHDT, Ry — VG EROIE TR ICXE
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EEL 10: ] REeRMRIZX D 850°C, 24hr HAL
7256, 18%Cr-Fe TiiE BUEI7E Wiz LTERD
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FEREFIRARMIIT L ESL EF 2N 550 2EWT
Table 4 [Z/R L7z, (Cr,Fe)0;, NapSi0Oz, NapSiyOefi
EWFED Lo h, Si10: EER» LN, Dk-

343 SEEER{L

P L 72 FeeO3, Cr:0s, V.05 3 XEiEIHFTES R Tk
FTNENLEFD a-FesOuld, Cro0,10, V.0, data
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Monkuman et al.®® OFEFRE B L TRLADDT, #l
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Fig. 11. X-ray diffraction patterns of Fe,0;-V,0; mixtures heated at 850°C for 48hr.
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Table 5. Crystal structure of FeVO,.

Crystal system Lattice constant (A) Ref.
Orthorhombic ag=4"49 by=4"90 co=5"53 (15)
Orthorhombic a,=5"51 bo=7-99 =585 (4)

Table 6. Results of X-ray diffraction for Fe,Oy-
V,0; mixture (mol ratio | : 1) heated
at 850°C for 48hr (Cr-K,).

Table 7. Observed lattice spacings from Cr;O;-
V5,0, mixture (mol ratio 1: 1) heated
at 850°C for 48hr (Cr-K,).

This work FeVO,»
d(Ay | 171, d Ay | dA)
obs obs hkl obs cal 1 obs
5-34 36 100 | 546 | 551 W
440 27 110 | 4-48 | 454 W
355 100 111 3-59 | 359 S
3-28 16 021 3:30 | 3°30 M
3-25 18 — — . —
3-22 75 120 | 323 | 323 S
3-12 18 — - — —
2-93 11 002 2:96 | 293 VW
2:86 11 121 289 | 2-83 W
— . 012 2:72 | 275 W
2-59 14 — -
2-55 9 201 2:52 | 2-49 VW
— - 112 | 2:48 | 2-46 VW
- - 031 2:45 2:42 VW
2:23 21 — - : —
2-14 18 122 | 2-15 2-17 M
— 221 2:10 | 2-11 VW
2:07 1 202 2:06 | 2-01 w

DOEFHRERIFIRER O E X {—FT 5.

(2) Cr0y-V.0;5

Tkt 1:1 @ Cr:05 & V05 OERBER L X
[HliFfE B 4 Table 71CR L 72, Crz03-V05; FRIKEEXD
iba & LT CrVO, BSEI LTI 1, £ ORGRTE,
M afic 2w CidTable 8 1C7RT & » 8 % . Table
7 kD E vl Ll O/ ER (L ol Ji R
CrVO; @ data'™ & B X < 3L Tk ), SRR
Py CrvVO, B 2o d. Fr-wovttl s 1S o%E
TR L CrvO, & VoOs 7013 CrnOy &nbhix
H, Lucas et al.!® oOJKAEM @ CroOy-2V.0; 1350 5
LARES/EAeh Al

(3) Fe03-Cr.0;3-V.0;5 %

(1) (FesO3+Cre0s) : VoO; 4G 11 o f

| Observed CrvO,1»

hki ‘

ddy | 1 dhy |y
020 | 4119 34 4-116 25
1 | 3658 90 3669 75
021 | 3-392 71 3401 45
200 | 2-789 49 2:795 55
112 | 2-513 100 2:517 100
130 | 2-463 58 2166 55
220 | 2-310 9 2-300 4
131 . = 2-279 2
221 | 2154 9 2-151 14
040 | 2-059 20 2-057 8
202 | 2.041 23 2040 14
041 - p 1-946 2
13 | 1-829 21 1-829 4
310 | 1-812 6 1-813 2
023 | 1-797 10 1-794 6
311 | 1735 8 1-736 8
042 | 1697 18 1-696 16

GRKER{E oo Xl 4 Fig. 12 @iz, Al
TWRRDED FeVO, X —FT AREIFTHDITZ A2Z~AS
L HEBADELIL 7Bl AR BiIv D . A2~ ASD [l
WA T 5 &, FeOy: CryOy ORAMLICE DT df
ST AN, MEREHCISETWE It
I B IERRIEIFE L CHRFERE D LT oML S EVE
T, WBRORESHK,? S CrFe-,VO, rExbHh
5.
(i)  (FexO3+Cre03) = V205 DAL 12 0°5 DI
Bl~B3 iz (Cr,Fe),0;, B4, B5 =y Cr;03
[ 45 D 1E IR o CreFey - VO, OEFIRAED S
it

(iii)  (FesO3+Cra0y) : VoOsui Akl = 1°5 ool 45

V305, Cr.Fe VO, oz C1 i3 FeVO, o
[l 2 ZE D BT

Fig. 13 12 Fe:043-CryO04-V205 5RO {TIKEE (LI ey

Table 8. Crystal structure of CrVO,.

Crystal system 1 Lattice constant (A) Ref.
Tetragonal l ay=4.551 co—2-884 ! (16)
Orthorhombic ] ay,=5"568 by=8-208

6o=5"977 ¢ (17)
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Fig. 12. X-ray diffraction patterns of Fe;O3-Cr;O3-V;0O; mixture at 850°C for 48hr.

YRR & WS R & OB R R L.
d3-4-4 V305-Na,SO, REWE OIE RO

V05 & NaS0, o 6:1, 3:1, 1:1 DIRE
BREBE D DIET AN, KKd 850°C THZERR,
22 U 7Bk XEREHTIC X 0§87z, Table iTiER
ZRL 7.

V2035-NapSO, FIKFEK T 2y Tk ILLARINOV et al.192
DHRED DDA, IREGREWEL 2 S v NapSO, 135
fRL SO; 7o ESfR%E R4 T %900 ClREA R DML,
XEEIREE R E2RETT 2856 V0:-Na,0-50; %
KEER (Fig. 14) & 27 iZ5HEYTHSH 5. Zhit
YB LRSS 6:1,3:1, 1:1 o4 870°C T
Na,0-6V,05, Na0-3V,0;,Na,0.-V.0; (KD “NVs”
“NVy», “NV”) WY 3% vanadate 4L 5 E LT
W5, XiEEfEER (Table 9) WX LA 611
T3 Foster et al. @ “NVy” o data & gAY X < —
BLTwic* L2LEA 3:1 Tk “NVy” DiEh»

* NVe” 12 Nap0-6V,0; OIS T 5, BURETFTIR2

EORBIT L h RETGH  Nap0-V,04-5V,05 &¢23&30T
B2 23)

Crystallization
Na20~ V204 '5V205 + |/202
Melting

NaZO-GVZ 05

s/ b “NVe” (s bhik. EBEL 11 o
A2, 3 oREIAKEEZIREVT a-NaV0Os2 o data &
RE X —FHL Tz,

4. E =

BIRKG T X DBEERGOBBII S bD THEMg TS
FREAS LT inv s, ROPD V.0 BEERELE 2 S
hTwb. VoOs i@ X BBREHEIC VT

(a) V.05 PEIEZESMEBEOIERETS.

(b) &BEEOKELBILIEC V05 BIRL H72
DI FRKIBPBFL <HEmMT5.

(c) {KFhsE o V20; o slagging action (T X D &8
KREITEC L KERFILEEHET 5.

LREDEND L. ZOHEKSEL T V05 BT
Avsor &S, BROBETHIENSELRARA
A E XS5, DEVEEREO X S ICHES EOR
TICRT 2 EBEFBC L2 TCH RGEBICER
BdbHEEbh5.

— R ERBRILEETROEDFRBE X LN S.

(1) &8 | skch/E | BFH
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Vo0 X O Vo05-NapSO, BAMIKIC X 2WOMRICKET 7 v &, HROREH 603

Table 9. Observed lattice spacings from V;0;-Na,SO, mixtures heated at 850°C (Cr-K,).

This work FosTER et al® This work ASTM 15-51
6: 1% 3: 1 “NV™ | NV 1: 1% a-NaVO,
ddy |y ey | yn [ ddy | yn ey | pyn | 4y | oL | dAy | L
9-48 32 9-47 8 9-5 50 6-90 70 6-85 20
744 5 74 30 5-00 89 5:00 100
7-24 100 7-27 13 72 90 -2 40 4-73 70 4-74 80
6-90 7 6:94 | 100 68 20 68 100 3:61 25 3-61 100
500 5 . 4-95 10 3-44 57 3:44 80
4-74 23 4-74 5 4-7 50 3-26 52 3-26 100
4-05 10 3-19 21
3-84 5 3-85 6 3-85 40 3:85 20 3-18 16 3-18 60
3:63 8 3:63 3 3-60 40 3:63 10 3:15 100 3-15 80
3-47 11 3-48 9 3.47 30 2:85 13 2-85 60
3-45 5 3-45 50 2-80 17
3:37 7 3-37 70 279 24 2'79 100
3-20 4 3-20 6 3-18 10 3-18 50 2-67 21 2:68 100
3-16 4 3-15 10 2-65 13
3-09 4 3-08 20 2-62 13
3:06 50 3-07 7 3-05 100 2-52 13 2-52 60
3-00 12 3-00 70 2-45 16 2-45 80
2-99 10 2:34 16
2-98 4 2-98 10 2-29 24 ¢
2:92 14 2:92 4 2:92 50 2-18 16 2+18 60
2-89 4 2-89 10 2-09 10 2:09 60
2:72 5 2-72 40
2-61 3 2-62 10
2:60 3 2-60 10
2:52 4 2-52 30
2-45 10
2-4] 10
2-31 3 232 20
2-18 19 2-18 100

* Mol ratio (V;05/NapSO,) of mixtures. 6:1, 3:1; 850°Cx24hr, 1:1; 850°Cx 72hr.
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