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Effect of Carbon and Titanium Contents on the Oxidation
Resistance of Fe-Cr-Al Alloys at High Temperatures

Yaji SHOJI, Shun-ichiré AXIYAMA, Masaru Kisaichr,
Kyssuke NAGATOSHI, and Hironobu HosHi

Synopsis:

The oxidation behavior of Fe~18Cr-3Al alloys containing 0.015~0.129%, carbon and 0~~1.09%, titanium
has been investigated in air at 1 000°C and 1 200°C.

At 1 200°C carbon and titanium contents have remarkable effects on the oxidation resistance of Fe—Cr—Al
alloys, but little effect at 1 000°C. Weight gain increases and the formation of unusual oxide scales is
accelerated, with increasing carbon content. Though it increases weight gain, the addition of titanium
has a tendancy to prevent exfoliation of scales by formation of titanium oxide in scales, and consequently
suppresses unusual oxidation.

Stable oxidation is achieved by continuous formation of «—Al,O;, a small amount of TiO,, and Al-Ti
oxide. An appearance of iron oxides causes unusual oxidation. The excellent oxidation resistance of
Fe-18Cr-3Al alloy is obtained with a carbon content less than 0.03%, and titanium content of 0.2 to 0.49,.
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Fig. 1. Effect of aluminum and chromium con-
tents on weight gain of Fe-Cr-Al alloys
oxidized in air at 1200°C for 200hr.
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Fig. 2. Effect of aluminum and chromium con-
. tents on tensile elongation of Fe-Cr-Al
alloys.
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Table l lt7 T X 5w CEH{ES 0.015~0.129%, Ti
GRS 0~1.00 L75x 7 25 FEO WM &2 V7.
RHEPTCRIIRITE S L, FCERITOWTIE, Al &
€ L OB L 53 505 Al B2 X858
BRFREEINIDOT, T2 TREZRGEMIT X - TEHE
HomERE 0.01% LLTOIREFR VAV LT, &
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Table 1. Chemical composition of alloys used (%).

Specimen C St Mn Cr Al | Ti
0Ti-0.015C 0.016| 0.59 { 0.51 |18.01|2.96f{ —
0Ti-0.03C 0.0271 0.53 | 0.50 {17.91|2.95| -—
0Ti-0.055C 0.046| 0.57 | 0.51 |18.01(2.92f —
0Ti-0.08C 0.066| 0.53 | 0.52 |17.90|2.95| —
0Ti-0.12C 0.11 {0.49{0.46 |17.93|3.09| —
0.2Ti-0.015C |0.021} 0.51 { 0.50 |17.96|3.07| 0.20
0.2Ti-0.03C |0.029]| 0.51 { 0.50 {17.82]2.95]| 0.19
0.2Ti-0.055C [0.059| 0.52 | 0.50 |18.00|3.10| 0.20
0.2Ti-0.08C |0.083( 0.50 { 0.51 [18.17(3.10] 0.21
0.2Ti-0.12C |0.12 | 0.52 | 0.51 {18.22(3.10| 0.22
0.4Ti-0.015C [0.017] 0.52 | 0.51 |17.92{3.05| 0.40
0.4Ti-0.03C |0.034} 0.51 | 0.43 |17.982.86| 0.42
0.4Ti-0.055C |0.056| 0.50 | 0.48 |17.98{2.94| 0.45
0.4Ti-0.08C |0.094( 0.48 | 0.49 {17.9212.92]| 0.40
0.4Ti-0.12C |0.12 [ 0.45 1} 0.51 |17.88(3.14 0.39
0.6Ti-0.015GC |0.009| 0.60 | 0.53 {18.14]2.95| 0.62
0.6Ti-0.03C |0.023] 0.55 | 0.53 |18.16{2.96| 0.62
0.6Ti-0.055C |0.051| 0.62 | 0.54 |18.12(2.91| 0.62
0.6Ti-0.08C [0.074| 0.54 | 0.52 |18.46(2.71| 0.60
0.6Ti-0.12C {0.12 | 0.38 | 0.39 (18.47(2.81| 0.57
1.0Ti-0.015C {0.019| 0.52 | 0.52 |18.11]3.03| 0.98
1.0Ti-0.03C ]0.036] 0.52 | 0.53 {18.02{3.04| 1.02
1.0Ti-0.055C |0.057{ 0.50 | 0.50 {17.94|2.94| 0.99
1.0Ti-0.08C |0.079( 0.52 | 0.48 (18.12|3.08| 1.00
1.0Ti-0.12C {0.12 [ 0.52 | 0.48 [18.2012.90| 0.95

Others; Ni, P, S, N<0.01
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Fig. 3. Relation between carbon content and
weight gain for the oxidation of Fe-18
Cr-3Al alloys in air at 1 000°C and 1 200
°C for 200hr.

.6
0.5 e
,/av 1.0
ol X
A Ti (%)
0.10 et na |

|:r7 \ I
0.05 /r‘/é \A‘-’—jl\o' 4]
Loas =0~ 0.2
_1_010—0'9‘" | l=o ) 1 9
002 004 006 008 0IO0 0QI2

Carbon content (%)

Scale depth (mm)

Fig. 4. Relation between carbon content and
scale depth for the oxidation of Fe-18Cr-
3Al alloys in air at 1200°C for 200hr.
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x60 (7/8)
Photo. 1.
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iz, FoBRO Ti(C, N) $EgIHFETS. E
WEE R — e L 1.09 Ti-gCa4%, i
FRRERIC 35V TV SR F M E 2 LT \WindD7kds,
Ty DECBWVTIE Photo., 2, 3 WRTZEL, FEE
BRECHOFEPEL»TH B, L 2T bEE
LR F IEET 5 = St XoC, HBEYE warts I KR
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Microstructures of the underside of warts formed on 0.6Ti-0.08C

alloy oxidized in air at 1200°C for 200 hr.
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Photo. 2. Microstructures of the underside of unusual scales formed on 1.0 Ti-
0.055C alloy oxidized in air at 1200°C for 200 hr.
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Photo. 3. Microstructures of the underside of unusual scales formed on 1.0
Ti-0.12C alloy oxidized in air at 1 200°C for 200 hr.
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Fig. 5. Weight gain-time curves for the oxidation
of 09, Ti alloys in air at 1200°C.
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Fig. 6. Weight gain-time curves for the oxidation
of 0.49; Ti alloys in air at 1200°C,
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Photo. 4. Appearance of alloys oxidized intermittently in air at 1 200°C,
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Fig. 7. Weight gain-time curves for the oxidation
of 1.09 Ti alloys in air at 1200°C.

Table 2. Results of X-ray diffraction analysis
for tke alloy surface oxidized at 1 200°C

for 200 hr.
Ti
ol o | o2 | 04 0.6 1.0
Cl"'Alea
a- , a-ALQO,| TiO a-AlO
0.015 | A0, |@AkOs | Tip,” | AI-Ti | TiO,
Oxide
a-AlLO, a-ALO, | a-AlO,
003 |@ |TiOy |a-ALOy TiOy TiO,

. Al O3 AL-Ti 110, Al-Ti Al-Ti
Oxide Oxide Oxide
a—Alzog a/—A1203 a—Al203*

0055 | — |TiOz |a-ALOy TiO, TiO,_
: Al-Ti |TiO, Al-Ti Fe-Ti
Oxide Oxide Oxide
a-AlLO*
TiO,
a-ALOY a-ALO{ 25T
0.08 _|TiO, |TiO, F" 5 Fe-Ti
. Al-Ti AT | 75828 | Oxide*
. . Fe-Ti
Oxide | Oxide .
Oxide
Fe-Cr
Oxide
a-AlLO, a-ALO
o1z la-  |TiO; |a-ALO, Tio, = |%TeOs"

: ALO, | AI-Ti [ TiO, Al-Ti c(‘) ! d

Oxide Oxide xde

¥  Unusual scales
TiO; : Rutile-tyvpe
Al-Ti Oxide : Oxide estimated to Al,TiO;
Fe-Ti Oxide : ” Fe,TiO;
Fe-Cr Oxide : 4 FeO-Cr,03

3.3 £BXr—IORELER
Table 2 1= 1200°C x 200 hr &G EELRERZIC AR L
RE@MAY — O X BERRIESRETRT. 0% Ti &

SITERTE Ay — M3 C R b bd T a-
ALOy LM LS, Ti FmME&TCREBRILARE
Lisv b i a-ALO; @iEsic rutile-TiO, & Al-Ti
HaEthrRE En. o Al-Ti gt ALTIOs
THY, ALO, & TiO, pEEHKIL L BRI ER
bhbh, BMCEMETHOT, FESEEINTD
0.4% Ti 40T LIV HEL DO 7K
HEEA35EL L 0.6% Ti-0.08% C &&%k0 1.0
% Ti-0.055~0.12% C &4& it X biz Fe REsLw,
Fibb a-FeOu 5% Wi TiO, & Fe,05 DEIHH
fbLi s Bbhb FeTiOs BILWA £RLTVS.
no Fe ZELWIZAy —LvOBRELEFELTVS.

BRILIREE DS 1000°C LT L7z ¥&E, 1200°C &
ERD X 57 Fe RAYy — VOERIZWTFhosih b7
DHNRT, a-ALO; B XU TiO; OAD FELFLIK
MERLTWS.

7t BRI ED X BEIFO L T X BOBEGRRENIT
BREAHBDT, 1200°Cx200hr HRERB DO —EFIT2V
CRIEHg-Y  BE-7 ) 2 ) -7~ ViIERE AV
LZEMC L OTHERZIBREIETAT — VO LS
&, TORT —VIHKRZEA L TXRE & LESZ
fi7s>7z. Table 3 WX DHGITRERERLICHE, AT —
RO XgEREITC Xy, REEREOSEIE Fe R
2 — U IR o 1.09% Ti-0.12% C &
&icd a-ALO; Rt Eh, Fe R -1 AR
1 a-ALO; BEET 5 &b b, EllbEaiic
Ize, wThoakhcd Al Ti oEsic Gr & Fe
DIFFENEED BB, —fxic Fe-Cr-Al £4:% 1000°C

Table 3. Results of X-ray diffraction analysis and
chemical analysis of scales formed after
oxidizing in air at 1200°C for 200 hr.

Chemical composition (%)
Specimen Structure
Al Ti Cr Fe
0Ti- 1,0.* 26.7 23.5
0.12¢ | @ ~ALOs e B
. a-ALO
062'{21(-3 TiO, 34.2 | 11.5 | 11.2 ] 4.6
) Al-Ti Oxide*
. a-—A1203
1600TllE;G TiO, 45.1| 8.5| 0.7] 1.0
) Al-Ti Oxide
T a—A].zOs
16011’210 a-Fe,O4 26.6 | 11.5| 7.9 17.5
: Fe-Ti Oxide

¥ A very small quantity of a-Fe was detected.
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|

TiO2

|
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0.2

@ —Al,0,
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A2

Ti0.2 ===

a"’AIzoa

0.4 | O.055]AI-Ti Oxide

22

TiO;

“-Alzo5
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Fig. 8. Changes in oxides formed on the alloy surface during oxidizing in air at 1200°C.
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XNy, warts [CEDT WS Ll 2O
4, Fe ZRAY—VOTRETE Al TAT —VBFEL
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7, EHERIC IS Lo Ay — VIR T — v D
EHEO DD LBHLNEN, ZOREER T — VRO

Table 4. Results of X-ray diffraction analysis -

and chemical analysis of scales flaked
off during oxidizing intermittently at

1 200°C.
Chemical composition
Speci S - (%)
pecimen tructure
Al | Ti| Cr Fe
0Ti-0.12C a-ALO
(for 54hr) | Fe-Cr Oxide| 38-0| —| 6:51 3.7
i i
0.2Ti-0.08C | a-ALO !
(for 740hr) | TiO, =~ #0-61* 0.4} 1.4
0.4Ti-0.08C | a-ALO
(for 540hr) Ti022 ? * * * *
: -ALO
1.0Ti-0.055C | ¥ 223
(for 310hr) | 2 F&0s * | x| = *
Fe-Cr Oxide

* Not analyzed.
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Fig. 9. Effect of carbon content on the amount
of scale exfoliation in the intermittent
oxidation of 09 Ti and 0.29; Ti alloys
in air at 1200°C.
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Fig. 10. Effect of titanium content on the amount
of scale exfoliation in the intermittent
oxidation of 0.129, C alloys in air at
1 200°C.
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Photo. 5. Changes in microstructure of 1.0Ti-0.12C alloy during oxidizing at 1200°C.
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Photo. 6. Cross sections of scales formed on 0Ti-0.055C alloy oxidized at 1200°C.
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a. 0.015% C b. 0.055% C c. 0.12% C X400 (7/8)
Photo. 7. Cross sections of scales formed on 0.49%-Ti alloys oxidized at 1200°C,

30hr
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170hr
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Photo. 8. Cross sections of scales formed on 1.0% Ti alloys oxidized at 1200°C.
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Photo. 9. Appearance of alloys oxidized in air at 1200°C for various times.
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Table 5. Results of X-ray diffraction analysis and
chemical analysis of warts.

Chemical composition (%)
Specimen [Structure

H Al Ti CI‘ Fc C
: a-Fe,O, !
Ognﬁlsc: Fe-Cr | 1.51 | — !18.12|54.51| 0.03
) Oxide

1.0Ti- | & FeOs
olac | Fe-Cr | 2.37 | 0.05 [17.95|53.84| 0.15
: Oxide

Al 2t e Ti £l LT3, Al 2{eiidst
KHDVIEBROM AR CHEE LT3, Ti iimE
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Photo. 2 [ZR[#8 L7z X 5T, warts FEAE DR E LT
Aty DR T TREDLNLEEDH S, BHH
FE Fe A5 — RS UCTE2EFRELTH, £DOT

 ee
X400 (7/8)
Photo. 10. Microstructures of the underside of warts formed on 0 Ti-0.12C
alloy oxidized at 1200°C for 54 hr.
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Photo. 11. Microstructures of the underside of warts formed on 0.4 Ti-0.12C
alloy oxidized at 1200°C for 540 hr.

X 60 (7/8)

X400 (7/8)

Photo. 12. Microstructures of the underside of warts formed on 1.0 Ti-0.12C
alloy oxidized at 1200°C for 170 hr.
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