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Effects of Silicon and Aluminum Contents
in a Low Alloy Steel Ingot on High Temperature Oxidation

in a Simulated Combustion Atmosphere
Yao-Nan Chang
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AXRARESESEEDTME Si(0.5~2%)F1 A1(0 * 0.4%)E BB HE1050°C
R EZHERRBRER(ECO: 6.55%  KFER 1.84% ~ 02 3.75% ~ N.70.86% ) 3/NKFZ
SRACHEE WRAZEESCENIHE  BERSEEMIERRE - fLERY
O o RERBEREMETZ S{LE I HRIWE _RMYRER » HE(LEFHYE
1 1244~124 mg?/cm* - min * TaRAE MR Al > 1S Si & EIFHE FeO+ Fe.SiOs
FRXEENFEALEARS  AERERILZIER - BM0.4% Al ZHFEKSI
SERNTETMAR » Si FEB0.5%EF » WK BEBHREF FeAl0.  HERESR
{LZEA ' Sid kB | % BAMENAITEFOp L HBEEB MY
REFRE » Si 3EE1.5%3K 2 % B0 Al BEHESE  SELEEER
c ERHNEBESEMKMENEE  ESi SEREE 2% ZRFFHEREUR Si & RS
FERH MO IR - ERA0 AL B85 T RE BT 14 & SO R B0 o

ABSTRACT
This paper is to investigate the effects of Si(0.5—2%) and Al(0, 0.4%) cont-
ents in a low alloy steel ingot on the high temperature oxidation in a laboratory si-
mulated flue atmosphere(containing CO:2 6.55%, water vapor 18.84%, O: 3.75%,
N: 70.86%) at 1050°C for 3 hours. Experimental methods include oxidation kine-
tics study, high temperature scale adherence test, and analysis of oxidation pro-
ducts. The results indicate that the oxidation kinetics of each ingot obeys parabolic

*H B T Sa R SR B R AR



B5 8 T f2

EAEE =M

K B 81 % 9 A

rate law with oxidation rate constant in the range 44~124 mg?/cm* * min. No ma-

tter Al is alloyed or not, increasing the Si content increases the compactness or the
amount of the FeO+ Fe.SiOs, the oxidation is thus reduced. Effect of alloying 0.
4% Al depends on the Si content. With 0.5% Si, it reduces the oxidation due to
the protective FeAl:O4 at the scale/base metal interface. With 1% Si, small amou-
nt of Al** induces doping effect of the p-type semiconducting FeO scale and pro-

motes the oxidation. With 1.5% or 2% Si, alloying Al can not give significant

effect and does not affect the oxidation. High temperatire scale adherence test in-

dicates that 2% Si reveals slight increase in scale adherence and Si does not give

significant effect below this content. On the other hand, alloying Al does not give

significant effect on the adherence.
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Table 1 Chemical compositions of the low alloy steel ingots used in the present investigation.

Ingot Element C Si Mn P S Al N
A Trace 0.50 0.31 0.058 Trace Trace 18
B Trace 0.97 0.32 0.001 Trace | Trace 18
C Trace 1.51 0.32 0.001 Trace Trace 29
D Trace 2.03 0.32 0.001 Trace Trace 17
E’ Trace 0.53 0.32 0.059 Trace 0.37 11
F Trace 0.99 0.33 0.002 Trace 0.37 14
G Trace 1.56 0.33 0.001 Trace ) 0.39 17
H Trace 2.10 0.32 0.001 Trace 0.38 12
Balance: Fe

Unit: N in ppm, other clements in wt%
Thickness: 205 mm

Platinum Wire

CO2 94 cc/min
Air

Th | Quartz Tube -
ermOCOUp e 33 CC/min

Furnace

(1050°C) |
Specimens —?:_N
2
279 cc/min
Distilled Water
E‘% Tap Water"
, Constant Temperature Bath

- (61°C)

B NRESUEARASE RGBS R ER -

Fig. 1 Schematic setup of laboratory high temperature oxidation tests in combustion atmosphere.
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Fig. 2 Results of the duplicate TG tests

of Ingots A and B.
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Fig. 3 Results of the TG tests of ingots
with Al trace.
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Fig. 4 Results of the TG tests of ingots
alloyed with Al.
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ARz —R#R 1B (Linear Regression) #Y
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SEARE0.5% SiMEWI0.37% Al &
FERRE  B6eBRE 1% Si FAMAI
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F2 BEEZ BB R EERAR

BEEN Y K B9fE
Table 2 Rate constants K estimated from
linear regression of the oxidation

kinetics of all the ingots.

Ingot K(mg?/cm* * min)
A(0.50% Si, Al Trace) 123.8
B(0.97% Si, Al Trace) 453
C(1.51% Si, Al Trace) 48.9
D(2.03% Si, Al Trace) 45.0
E(0.53% Si, 0.37% Al) 81.0
F(0.99% Si, 0.37% Al) 70.8
G(1.56% Si, 0.39% Al) 58.0
H(2.10% Si, 0.38% Al) 44.0

2

Weight Gain(g/cm

Weight Gain(g/crnz)

Weight Gain(g/cm2')

160

Al Troce

120 4

0.37% Al

80 4

40
0 N T T v

0 40 80 120 160 200

Time(min)

5 &0.5% Si ZBHEEH) TG HIAMKER -
Fig. 5 Results of the TG tests of ingots
containing 0.5% Si.
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Fig. 6 Results of the TG tests of ingots
containing 1% Si.

120

100 4 0.39% Al

80 Al Trace

60 4

40 1

20 1

0

0 40 80 120 160 200
Time(min)

W7 21.5% Si 2&#MEH TG IHELER -
Fig. 7 Results of the TG tests of ingots
containing 1.5% Si.
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Fig. 8 Results of the TG tests of ingots
containing 2% Si.

RIZEERYR X LHRHERIU
BHEERETHAYE T3 AIZ&HE
R BE YR FeOFes04 Fe 05

» RE A R Y) & Fe.SiO«(Iron Silicate)
° #0.5% SiMIEIN037% Al REED &
#J FeAlLO. * B & 1~2% Siflahn AlE
fLERYELE  BARKSISEXS
FAMESERFEIHER Al ZEA
L SiGE» o

it E B 81 £ 9 A

EPMA G W@ 9 - EW10F T »

Mt FALHEEBEE (1~1.5mm ) H
Ghosh 1 Rolls"'®'Z i #F 7€ 1050°CIEHE R 52
RAGIL 4/ FEEE (1.4 mm) BEHE
BERK - @11=Z2E 9@)Z WDS #iFh
RERIZXABHERITHAERNES
B2 Fe:0:° EREBNMARAESHBHERMN
ERCS - HAEE B MMERK RS FesO
FeO ' B /E B & Fe.Si0.Z FeO * [# 9(b)
NEEUSHE (#EAXRFHERTL )
 (BE BN E S ELLE 9BE  REUK
i A TG RBRERSIi S ER0.50%
HE0IT%HFAMCERE (B3 ) - &9

IR S Fe:Si0«Z FeO IR N E#E K
IRFNE o) — R BE ( #E R Fe,SiO i 2
BEFOHB) » BURSIH0.97%REE
2.03% Bt B EMEF AR S RIS
W P ELREER - B11OZB 106
Z WDS ###H - Mol EEHRBENEAK
R B Fe,0s ~ FesO4 » FeO » FeO+ Fe:SiO«»
FeO Fe:SiO«+ FeAl:Os * BRI & EH
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Table 3 Results of x-ray diffraction analyses of the oxidation products.

Ingot Major Phase Minor Phase
A(0.50% Si, Al Trace) FeO, Fei0s, Fe.0s Fe:SiOs
B(0.97% Si, Al Trace) FeO, Fe;04, Fe:0s Fe:SiO,
C(1.51% Si, Al Trace) FeO, Fe:04, Fe 03 Fe:Si0O.
D(2.03% Si, Al Trace) FeO, Fe:0, Fe:0s Fe2SiOs

E(0.53% Si, 0.37% Al) FeO, Fe;0s, Fe:0s Fe:SiOs, FeAl:O4
F(0.99% Si, 0.37% Al) FeO, Fei0s, Fe:0; Fe:SiOs
G(1.56% Si, 0.39% Al) FeO, Fe:0s, Fe.O: Fe:Si04
H(2.10% Si, 0.38% Al) FeO, FesOs, Fe:0s Fe.SiO4

Major Phase: Phase with ““strong’ or “‘very strong” primary intensity.
Minor phase: Phase with “weak” primary intensity.
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Fig. 9 EPMA micrographs of the oxidation scales on ingots with Al trace.

i 588 852 ) % 2% S A0 68 1 O(b) — (DFFFRER © Horp Firlli 2z R LE BB G % » & 4 2 BILE
8 A B ZE100)Z FeO+ Fe.SiO 8 f@ 7R IREM R 2 N B EAIAL 25
& TIOR8 BE AR XOOE MR 5 ME FeALOJBR SIZREBERERZIER » 28 FeO+
Hib &8 Y+ Si f£0.53% & E2.10% Fe:SiO 85 fiF () 80 M s AT 45 49 LB B A -
¥ B FeO+ Fe.SiO. ¥ & 3 it & 15 % 2K F5 A% I R S 0 Al 2 BOHE - bb 8 9(a)

e, T



B B T f2 FAEBE W =W K HE8F9A

. -~ _
= f E"«LJCMFEZSI.O4

3 } FeO+Fe,Si0
+FeAl,0,

1

base metal

(2)0.53% Si

background

(€)1.56% Si

@10 &0 Al 2 &MEEFRCEEA EPMA
Fig. 10 EPMA micrographs of the oxidati

@ 10 BRI I0.37% AlE FeAl.O R £
TR P & 85 B FOJES b LA » 7N £ 36 1/ A
- AT 5 B S RRE - FIs0men
NHEMEREE E FeALOJSR TR o ik
9(b) 71 & 1000) BI/R W H00.37% Al 6 4

background

(6)0.99% Si

background

;bgsé méﬁél

(d)2.10% Si
B/REhH -

on scales on ingots alloyed with Al.

AV 2 80 B FeO+Fe.SiO 85 & »
ETNEREN  KEEEPERVBH (
Doping ) B fE  FeOZp R L H 2 ( &R
Fe*?) » 3 S04E AL* W38 b5 4 722 R
B GEEALAE o T R AR

.



BESMEVNES RYAERBRBEAZGBELHE

RN
scale

2 :

) Si:

o . Lo,
>k 281,
dd .
il V) .

9]
2| = :
| L o
= si =&
= Lol

.

@OFF Al #5E A

2
E,d ,L‘ scale
3
°
1 oae
214
g <
b L
&
c
pod
(OEWNE: 83

i1 £0.5% Si MEETEE (B 9 - Bi0() ) HRRHE-H-F2EMHE Si FIAl Z WDS RS -
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Fig. 13 Test results of & W,-AW, during high
temperature oxidation of ingots alloyed
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