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Table 1 Main chemical composition of mullite raw materials with different particle diameter w/%
Particle diameter ALOs Fe20: TiO2 CaO MgO K0 Na,O SiO,
3-1mm 73.84 0.05 0.01 0.06 0.17 25.86
1-0mm 75.20 0.05 0.01 0.05 0.26 24.45
200 mesh 76.00 0.07 0.01 0.05 0.19 23.34

w is mass fraction.
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Table 2 Batch composition of mullite-based refractories

Ingredients Granularity w/%
Mullite 3-1mm
1-0mm 4.7
200 mesh
Tabular alumina 325mesh 9.5
0-Al,O3 2-5um 7.6
Microsilica powder 2um 2.8
Pre-sintered/non-pre-sintered
titanium-iron oxide composites 200 mesh 55
Dextrin aqueous solution +4

+ is in addition.
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Fig. 1 Phase composition of non-pre-sintered titanium-iron oxide composites containing mullite-based refractories
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m(TiO,):m(Fe,0,)=  of Fig.2 (a) m(TiO,):m(Fe,0;)=  of Fig.2 (c) m(TiO,):m(Fe,0,=  of Fig.2 (e)
1.0, Air, 1600 C 1.5, Air, 1600 C 2.0, Air, 1600 'C
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(g) SEM photograph (h) EDS spectrum (i) SEM photograph,  (j) EDS spectrum
m(Ti0,):m(Fe,0,)= of Fig.2 (g) m(TiO,):m(Fe,0,)= of Fig.2 (i)
3.0, Air, 1600 'C 4.0, Air, 1600 C

(k) SEM photograph, m(TiO,): (1) SEM photograph of area 4 in Fig.2(k) (m) EDS spectrum of Fig.2 (1)
m(Fe,0,)=1.0, H,/CO, 950 C

(n) SEM photograph, m(TiO,): (0) SEM photograph of area B in Fig.2(n) (p) EDS spectrum of Fig.2 (0)
m(Fe,0,)=1.5, H,/CO, 950 C

(q) SEM photograph, m(TiO,): (r) SEM photograph of area C in Fig.2(q)  (s) EDS spectrum of Fig.2 (r)
m(Fe,0,)=2.0, H,/CO, 950 C

v SEM photograph, m(TlO E
m(FeO) =3.0, H/CO 950 C

(w) SEM photograph, m(TiO,): (x) SEM photograph of area £ in Fig.2(w) (y) EDS spectrum of Fig.2 (x)
m(Fe,0,)=4.0, H,/CO, 950 C

m—Mass.
B2 B InA T A A BR— 28 B A SR AT M KM RE H2/CO (55 950 “C Rl 3 h AT J& I ZE 14
Fig. 2 Microstructure of non-pre-sintered titanium-iron oxide composites containing mullite-based refractories before and after holding at
950 C within H2/CO atmosphere for 3h
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Table 3 Physical and mechanical properties of non-pre-sintered titanium-iron oxide composites containing mullite-based

m(TiO2)/ m(Fe,0s) Heat treatment condition Apparent porosity/% Bulk density/(g-cm=%) Cold compressive strength/MPa
00 Air, 1600 'C, 3h 15.7+0.20 2.66+0.00 78.1+2.6
H,/C0,950 'C,3h 16.0+0.14 2.66+0.00 77545
Air,1600 C,3h 16.4+0.24 2.66+0.00 49.4+0.8
L0 H,/C0,950 'C,3h 16.9+0.23 2.66+0.01 38.6+2.0
Air,1600 C,3h 16.7+0.06 2.65+0.00 51.6+3.3
Lo H,/C0,950 'C,3h 17.7+0.15 2.65+0.00 38.4+2.8
Air,1600 C,3h 17.2+0.09 2.64+0.00 43.8+1.4
20 H,/C0,950 'C,3h 17.5+0.26 2.64+0.01 32214
Air,1600 C,3h 17.4+0.08 2.63+0.00 39.445.3
30 H,/C0,950 'C,3h 17.6+0.10 2.63+0.00 32.6+3.2
Air,1600 C,3h 18.0+0.08 2.61+0.00 42.8+4.4
0 H,/C0,950 'C,3h 18.1+0.18 2.61+0.00 34.8+15
100 B A0 C | KA JATEHOPIRIELR, 0.0 5 A TMEN k-
L Compresmestona i % £ RACKEAMIMAIRAL B 4T, REIIAT
y 7 ARG, 22 VURARR)E, TiO, 5 FeOs
% & 1702 BT 3.0 SRR ORI B SORA AT A,
S 6% 26.5% 130% g TiO, 5 Fe;03 it i LA MIAR AL EL BN o [FIRRIE
S 40 ” o B, & JURT, TiO2 5 FeaOs AL/ T 3.0 fitFE
St IURBBORA AR FARRIATI I H2Y TiO,
2 0% 5 15 Fe,05 AT 3.0 B HiBL TiO, HUATIIIG,
0 0% B TR i B BR— S BRAE 2 U S s

00 1.0 15 20 30 40
m(TiO,):m(Fe,0,)

Bl 3 IINAN TR S A B2 A B A 5 SR A BT KA R
IR 9 PR % T . 5 P 2 i
Fig. 3 Cold compressive strength (CCS) and its loss ratio of
non-pre-sintered  titanium-iron oxide composites
containing mullite-based refractories

22 FREMNH-F LS A ERA R AR
] 4 S B A A k- LB A L

¢ Mullite # Corundum ¢ ALTiO;s
|t P et tate a0t wen £9)
. LAM. L A 10
%‘ I BT i L5
21| | RTINS o 2.0
|a L_u. A , 3.0
La Ml o 4.0

10 20 30 40 50 60 70 80
20/°)

(a) Air, 1600 °C, 3h

AR PSR, I BRI R SR IR A
DN EBA 55 1) FeTiOs #7348 J5 J5 T2 i) TiO, fi7 5t ié .
B 5 NI E AR E A B B A SOk A R
it KA RHE Ho/CO S5 1050 “CARIR 3 h Bif J& O
k. 5 T, XS, He R R4S
HREIFTLHERE, 51N TiO, 1 Fe,03 355151
i HAEFHEAE BPIRES . 2 Ho/CO SR MG ke
WK SFLERIE I, TiO, 55 Fe,0s il EL Ny 1.0, 1.5,

+Mullite # Corundum ¥ TiO,

.
. j P
te, e . 0.0
AJ kkkkk Lt 115 Ts wraw %7 sese w7
..._.J H o ) Lo

Intensity
>

. . 30
l l! o AAA P /N ...40
1 1 1 1 1 1
10 20 30 40 50 60 70 80

20/°)
(b) H2/CO, 1050 °C, 3h
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Fig. 4 Phase composition of pre-sintered titanium-iron oxide composites containing mullite-based refractories



5 53 B4 9 1) FISCRN 55: Ha/CO Z5 A T A BR= A BT SR AT i KA R RGE Pk (52

2591

(a) SEM photograph, m(TiO,):m(Fe,0,)=

0.0, Air, 1600 C

(c) SEM photograph,
m(TiO,):m(Fe,0,)=
1.0, Air, 1600 C

2 LY 100 um
(g) SEM photograph,
m(Ti0,):m(Fe,0,)=
1.5, Air, 1600 C

(k) SEM photograph,
m(TiO,):m(Fe,0,)=
2.0, Air, 1600 'C

(0) SEM photograph,
m(Ti0,):m(Fe,0,)=
3.0, Air, 1600 'C

(d) EDS spectrum

(h) EDS spectrum

(1) EDS spectrum

(p) EDS spectrum

(b) SEM photograph, m(TiO,):m(Fe,0,)=

0.0, H,/CO, 1050 C

5 * Ti i E

(e) SEM photograph, (f) EDS spectrum
m(TiO,):m(Fe,0,)= of Fig.5 (e)
1.0, H,/CO, 1050 'C

B -
(i) SEM photograph, (j) EDS spectrum
m(TiO,):m(Fe,0,)= of Fig.5 (i)
1.5, H,/CO, 1050 'C
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we o
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RS RSN
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(m) SEM photograph, (n) EDS spectrum
m(TiO,):m(Fe,0,)= of Fig.5 (m)

2.0, H,/CO, 1050 C
.' 7""_-. #\\
x"?bz’ A &
)&
, ﬂ

&
Ti 38 :
8 \,
“'?/ .’l(‘_‘
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(q) SEM photograph, (r) EDS spectrum

m(TiO,):m(Fe,0,)= of Fig.5 (q)
3.0, H,/CO, 1050 °C

7, - h
g ﬂ,.
100 Ay m - . Fe
(s) SEM photograph, (t) EDS spectrum (u) SEM photograph (v) EDS spectrum
m(TiO,):m(Fe,0,)= of Fig.5 (5) m(TiO,):m(Fe,0;)= of Fig.5 (u)
4.0, Air, 1600 'C 4.0, H,/CO, 1050 'C

K5 ke k- B G Sk B KAPEHE H2/CO U5 1050 C IR 3 h A J5 FIRUM 45 14
Fig. 5 Microstructure of pre-sintered titanium-iron oxide composites containing mullite-based refractories before and after holding
at 1050 ‘C within H2/CO atmosphere for 3h
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Table 4 Physical and mechanical properties of pre-sintered titanium-iron oxide composites containing mullite-based refractories

m(TiOy)/ m(Fe;03) Heat treatment condition Apparent porosity/% Bulk density/(g-cm=3) Cold compressive strength/MPa

Air,1600 C,3h 15.7+0.20 2.66+0.00 78.1+2.6

0.0 H,/C0,950 'C,3h 16.0+0.14 2.66+0.00 77.5+4.5
H,/C0,1050 ‘C,3h 16.1+0.09 2.65+0.01 75.2+3.4

Air,1600 C,3h 14.7+0.18 2.71+0.00 88.9+1.2

1.0 H,/C0,950 'C,3h 14.9+0.32 2.70+0.00 85.9+4.3
H,/C0,1050 ‘C,3h 14.9+0.18 2.70+0.01 73.8+4.6

Air,1600 C,3h 14.6+0.23 2.70+0.00 92.445.2

15 H,/C0,950 'C,3h 15.4+0.32 2.68+0.00 84.5+2.6
H,/C0,1050 ‘C,3h 15.7+0.25 2.70+0.00 74.142.0

Air,1600 'C,3h 15.0+0.06 2.70+0.02 82.6+3.3

2.0 H,/C0,950 'C,3h 15.1+0.06 2.69+0.00 79.2+2.8
H,/C0,1050 ‘C,3h 15.5+0.54 2.7240.02 78.5+2.8

Air,1600 C,3h 15.7+0.24 2.67+0.01 86.8+5.2

3.0 H,/C0,950 'C,3h 15.7+0.04 2.66+0.00 82.9+2.3
H,/C0,1050 ‘C,3h 15.8+0.01 2.66+0.00 84.5+1.1

Air,1600 C,3h 15.8+0.04 2.67+0.00 78.9+3.7

4.0 H,/C0,950 'C,3h 16.3+0.03 2.65+0.00 75.1+1.1
H,/C0,1050 ‘C,3h 16.4+0.27 2.68+0.00 74.3+3.8
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Extended Abstract

Introduction The global imperative to reduce carbon emissions has catalyzed the development of hydrogen-based metallurgical
technologies, with hydrogen shaft furnaces emerging as a promising low-carbon alternative for ironmaking. These reactors demand
refractory linings with an exceptional stability to withstand synergistic thermal, chemical, and mechanical stresses when operating
under extreme reducing environments (i.e., H2/CO atmospheres at 1050 ‘C, 0.5-1.0 MPa). Conventional aluminosilicate refractories,
while widely used, suffer from deleterious reactions in H»-rich atmospheres, including silica volatilization, carbon deposition via the
Boudouard reaction, and structural degradation induced by iron oxide (Fe2Os) reduction. Recent studies highlight that co-doping
Fe203 with TiO2 can mitigate these issues, yet systematic investigations into the role of TiO2/ Fe203 phase chemistry and pretreatment
strategies remain scarce. This study was to elucidate the impact of TiO2/ Fe2Os composite oxides on the reduction stability of
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mullite-based refractories under simulated hydrogen shaft furnace conditions (i.e., H2/CO = 5:2). We were to investigate the phase
evolution and microstructural engineering influence resistance to H2/CO induced degradation via varying the TiO2/Fe203 molar ratio
(0.5-4.0) and employing pre-sintering treatments.

Methods High purity electromelting mullite (Al203 >70% (in mass fraction), 3—-1 mm, 1-0 mm and 200 mesh), plate corundum
(Al203 >99.5%, 325 pm), a-Al203 (Al203 >99.5%, 2-5 pm), Fe203, TiO2 powder (analytically pure), silicon powder (2 um), and high
viscosity yellow dextrin (200 um) were used as raw materials. Fe2O3 and TiO2 powder were proportioned according to the mass ratio
m(TiOz2):m(Fe203) of 0.5, 1.0, 1.5, 2.0, 3.0, and 4.0, respectively, and were placed into a planetray ball mill according to a mass ratio
of m(zirconium ball):m(water):m(mixed powder) of 2:1:1, The ball mill was operated at 300 r/min for 3 h. After milling, the slurry
was taken out and put it in an oven for drying at 110 C for 24 h. The ground sample was screened by a sieve with 200 mesh, thus
obtaining the composite oxide of titanium oxide and iron oxide without pre-burning. The sample of ¢50 mmx10 mm was prepared
with the sifted powder at 100 MPa, and then heated in air at 1300 ‘C for 3 h. After cooling to room temperature, pre-burned
titanium-iron oxide composite oxide was obtained.

The dextrin aqueous solution was prepared according to a ratio of m(dextrin):m(warm water) of 1:1. The mixture was trapped at
25 °C for 12 h, and the cylindrical sample was shaped into ¢60 mmx50 mm at 150 MPa, and dried in an oven at 110 C for more than
24 h. Finally, the dried sample was heated in air to 1600 °C for 3 h, obtaining the titanium-iron oxide composite mullite refractory. The
temperature increasing rates of this experiment were 5 ‘C/min at 0-1000 ‘C, 3 "C/min at 1000-1400 ‘C, and 2 “‘C/min at 1400-1600 C,
respectively.

Results and discussion A large amount of Al2TiOs and a small amount of Fe:TiOs are formed in mullite refractory via the
introduction of non-pre-fired titanite composite powder, which is not a dense Mosaic structure. In particular, the porosity increases
during the formation of Al2TiOs, weakening the protective effect of iron oxide under reduction conditions, and resulting in more pores
and cracks formed after the reduction atmosphere treatment. The stability cannot improve as TiO2/Fe2O3 ratio increases. After
reduction, the compressive strength of the sample is only 32.2-38.6MPa, showing a significant downward trend, and the attenuation
rate is as high as 17.3%—26.5%.

Fe2TiOs solid solution is formed in the pre-fired powder at 1300 °C, and a large number of titanium oxide is coated iron titanate
complex, forming a dense Mosaic structure in the corundum mullite matrix. Fe,TiOs is formed during a progressive reduction of
ferrous compound FeTiOs, greatly inhibiting the reduction of iron oxide. Thus, the anti-reduction stability of the material is
significantly improved. When the mullite refractory with m(TiOz2):m(Fe203) > 2.0 is added, the reduction stability is improved. The
compressive strength remains 74.3-84.5 MPa at the reduction temperature of 1050 ‘C, and the compressive strength attenuation rate
at room temperature is only 2.6%-5.8%.

Conclusions The results indicated that non-pre-sintered titanium-iron oxide composite samples exhibited a significant structural
degradation after being treated at 950 “C. This degradation was characterized via the formation of numerous micron-sized pores in the
matrix and a weakening of the aggregate-matrix interface, leading to a peak compressive strength of only 38.6 MPa and a strength
decay rate of 17.3%-26.5%. In contrast, pre-fired titanium-iron oxide composite samples maintained a good structural integrity after
reduction at 1050 °C. When a molar ratio of TiO2/Fe:Os exceeded 2, the compressive strength remained at 71.9 MPa. The
microstructural analysis revealed little cracks in the samples, and the strength attenuation rate was controlled within 10%. In the
non-pre-sintered titanium-iron oxide composites, the composite phase of Al2TiOs and Fe20s, which was introduced without pre-firing,
could not effectively inhibit the reduction reaction of Fe20s. This resulted in the precipitation of metallic iron and subsequent volume
shrinkage. However, in the pre-fired composites, Fe2TiOs was preferentially transformed into the ferrous compound FeTiOs during
the reduction process. The resistance of the material to H2/CO reduction erosion was enhanced via constructing a cooperative stable
structure of Fe—O—Ti. This finding could provide a theoretical basis for the development of high-stability refractories for
hydrogen-based shaft furnaces.

Keywords hydrogen-based shaft furnace; hydrogen/carbon monoxide atmosphere; titanium-iron oxide composite oxide; mullite-
based refractories; reduction stability



