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1 | INTRODUCTION

Ruhrstahl Heraeus (RH) degassers are globally used to manufacture vacuum-treated
steel for automotive and railroad applications. The state-of-the-art environment-
friendly chromium-free alternatives for direct-bonded magnesia-chrome refractories
used in RH degassers are expensive, and the scientific literature lacks direct correlation
between materials chemistry, processing, and functional properties. We have designed
a novel spinel-periclase-15 wt% ZrO, composition containing 14 wt% in situ spinel
which exhibited 7.2 MPa hot modulus of rupture (1500°C), exceeding all reported
Cr-free refractories for RH degasser applications. Investigation with scanning electron
microscopy coupled with energy dispersive spectroscopy (SEM-EDS) attributed this
improvement to a reduction in interparticle Ca and Si content which forms low-melting
phases, as supported by FactSage thermodynamic simulations. The spinel-periclase
composition SP exhibited superior thermal shock resistance because thermal shock-
induced cracks were stopped by fracture porosity around MgO particles, formed due
to thermal expansion mismatch. SEM-EDS analysis of the SP composition corroded
by RH slag at 1650°C revealed that Fe is the most corrosive element followed by Ca
and Si. Contradicting the consensus, it was observed that corrosion resistance of fused
MgO was better than that of ZrO,. The cubic ZrO, phase reduced FeO, penetration
locally by incorporating CaO from the RH slag into a solid solution and forming a
CaZrO; phase creating a “slag barrier”. Lastly, pore size was found to greatly exacer-

bate slag penetration following the Washburn percolation model.

KEYWORDS

corrosion/corrosion resistance, magnesium oxide, refractories, spinels, thermal shock/thermal
shock resistance

steel for transformer cores. Faster operation and the ability to per-
form gas removal, decarburization, desulphurization, and alloy

The Ruhrstahl Heraeus (RH) degasser (Figure 1) is the globally
preferred equipment to manufacture high quality vacuum treated
steel purified to ppm level of C, H, and N3 Examples of such
steel are ultra-low carbon steel (<30 ppm C) for lightweight au-
tomobile applications, high carbon manganese steel (<1.5 ppm
H,, <40 ppm N,) for crack resistant railway tracks and electrical

addition with precise composition control makes RH degassers
superior to other metallurgical equipment like the vacuum arc
degasser. This paper explores refractories for use in a RH de-
gasser which is used to manufacture steel consumed primarily
by the automotive industry, one of the world's largest industries
in terms of revenue. The automotive steel market is worth US$
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FIGURE 1
degasser with direct-bonded MgO-Cr,05 bricks in operation and

A, Schematic representation of a Ruhrstahl Heraeus

(B) an enlarged image of lower vessel and snorkels showing region-
specific wear mechanisms. Green colored region indicates proposed
area of application of spinel-periclase-zirconia refractories which
have been investigated in this study

104 billion* which is 4% of the global steel industry valued at
US$ 2500 billion. Refractory ceramics® for high temperature
application are a US$ 25 billion industry7 which is significant
compared to the size of the lithium ion battery industry valued
at US$ 37 billion.® Refractories are primarily manufactured in
the European Union, North America, and the Asia Pacific re-
gion with 70% of their consumption in the iron and steel indus-
try. Refractories used in the lower vessel and snorkel interior of
RH degassers suffer erosion due to contact with rapidly moving
molten steel (100-150 metric ton/min) at 1480-1630°C and FeO-
rich corrosive slag. The inlet snorkel suffers severe abrasion due
to argon gas injection. Additionally, hour-long intervals of cool-
ing between operation cause thermal shock damage (AT = 800-
900°C). Direct-bonded magnesia-chrome (MgO-Cr,0;, DBMC)
refractory containing 18-28 wt% Cr,O5 is most suited for this
application because it is dense (apparent porosity 11%-18%), has
a high hot modulus of rupture (HMOR) of 4-9 MPa at 1500°C
and has superior resistance to corrosion and thermal shock dam-
:alge.3’9'15 Water soluble Cr6+-containing chromates formed in
DBMC bricks during operation are carcinogenic and a skin irri-
tant, which not only exposes maintenance and installation work-
ers to health hazards but also can create long-term ground water
pollution when disposed of into landfills.'®?!

During the last two decades several experiments
were conducted to develop environment-friendly chro-
mium-free refractories for RH degassers, but the unique
combination of vacuum environment with oxygen blow-
ing, thermal shock, contact with fast circulating steel,
and highly corrosive FeO-rich slag creates daunting chal-
lenges.lo’u’15 2224 For example, magnesia-carbon refracto-
ries are known for their high corrosion resistance due to
the large contact angle of graphite with molten slag, but
oxygen blowing inside RH degassers oxidizes the carbon

present in the refractory causing premature erosion.''*?

Moreover, carbon from the magnesia-carbon refractory
leaches into molten steel making it harder to produce ul-
tra-low carbon steel (<30 ppm C). Compared to DBMC,
magnesia-yttria brick has comparable properties but is
expensive, and magnesia-spinel-yttria has poor HMOR.*
These refractories were promising because Y,05 can react
with CaO, Si0O,, and Al,O; of the slag forming high melt-
ing point reaction products like yttrium aluminum garnet
(melting temperature, Ty, is 1919 °C).% Magnesia-zirconia
bricks have half the HMOR of DBMC,**** and magne-
sia-hercynite (MgO-FeAl,O,) bricks have overall inferior
properties.'” Magnesia-alumina-titania bricks have been
commercialized and have the advantage of better thermal
shock resistance, similar HMOR and corrosion resistance
compared to DBMC, but are expensive.lo’lz’ls’25 Although
spinel-periclase refractories successfully replaced DBMC
bricks in cement rotary kilns”® and their high thermal shock
resistance is also beneficial in RH degassers, their poor
HMOR'® will be a limitation because of higher operating
temperatures and fast steel circulation.

In this paper, we design a composition for environ-
ment-friendly spinel-periclase refractory bricks to enhance
their HMOR and corrosion resistance, while maintaining good
thermal shock resistance for application in the lower vessel and
snorkel interior of RH degassers. The mechanism of failure of
refractories varies considerably in different parts of the RH de-
gasser. For the lower vessel and snorkel interior, the decreasing
order of importance of failure mechanism is: (a) erosion due
to rapid molten steel circulation and abrasion due to trajec-
tory of argon bubbles; (b) corrosion due to penetration of mol-
ten slag and steel; and (c) thermal shock (Figure 1).24 These
failure modes are directly related to refractory properties like
HMOR, corrosion resistance, and thermal shock resistance.
The impact of ZrO, addition, which is known to enhance
HMOR,27thermal shock 1resistance,28'29 and corrosion resis-
tance,25 303145 also studied and correlated with microstructure
analysis and mineral phase composition using scanning elec-
tron microscopy coupled with energy dispersive spectroscopy
(SEM-EDS). Thermodynamic equilibrium calculations were
used to validate the phase analysis by X-ray diffraction (XRD)
and the chemical microanalysis by SEM-EDS.

2 | EXPERIMENTAL METHODS
AND MATERIALS DESIGN
APPROACH

2.1 | Raw material selection for optimized
RH degasser performance

To improve HMOR and density of the spinel-periclase
(SP) composition, the following approaches were used: (a)
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increased in situ spinel content from the usual 5-8 wt%>
employed in magnesia-spinel refractory bricks to 14 wt%
through the reaction of 10 wt% calcined alumina pow-
der (HGRM 30; Hindalco, 50 vol% pass particle size, dsis
4.7 um) and 4 wt% sintered magnesia powder (UBE 98HD;
UBE minerals; 80 um grain size); (b) nucleate in situ spi-
nel by holding at 1300°C for 0.5 hours™ and finally sinter at
1700°C for 2 hours; and (c) use sintered magnesia-rich spi-
nel (MR66 Spinel; Almatis Alumina Pvt Ltd; 20 um grain
size)instead of stoichiometric or alumina-rich spinel due to
their better sintering with magnesia.25 Both in situ spinel and
Mg-rich spinel were expected to increase bonding of coarse
and medium particles with fine powder in the brick during
sintering which would reduce porosity and increase HMOR,
increasing resistance to erosion at high temperature during
operation of the RH degasser in the steel plant. Table 1 shows
vendor-provided (per test certificate) chemical composition
and density data of the raw materials. Like DBMC bricks,
50 wt% each of spinel (14% in situ and 36% sintered) and per-
iclase (25 wt% each of fused MgO and sintered MgO) were
maintained as shown in Table 2. This would make the brick
compatible with low basicity RH degasser slag (CaO:SiO,
weight ratio of 1.5-2) and optimize thermal shock resist-
ance through microcrack formation due to thermal expansion
coefficient mismatch between spinel (8.4 X 107° K™') and
periclase (13.5 X 107° K™1).20%8 The average particle size ds,
values provided (obtained from laser diffraction or sedimen-
tation methods) are from supplier data sheets and dggy, is the
average grain size obtained from around 700 grains in SEM
images of pressed pellets. (Z, S, P) indicate the phase (cubic
ZrO,, spinel or periclase respectively) expected to evolve
from that raw material during sintering. The third row has
both S and P because 4% of the MgO will be consumed to
form in situ spinel.

Suruga et al** compared magnesia-spinel bricks contain-
ing industrial fused MgO of 200, 400, 1500, and 3000 um
grain size, and concluded that corrosion resistance plateaued
with a 400 um grain size. Thermal shock resistance of bricks
containing industrial sintered magnesia of 80 um grain size
was better because the smaller grain size led to a reduction
in thermal expansion compared to fused MgO of larger grain
size. Hence in the composition SP, 25 wt% of Chinese 97%
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pure fused magnesia (500 pm grain size) of coarse particle
size (2.8-1 mm, agglomerates made up of 500 um grains)
with a high corrosion resistance was combined with 29 wt%
sintered magnesia (80 um grain size) of various agglomer-
ate sizes having a high thermal shock resistance. Like sin-
tered magnesia, sintered spinel (20 um grain size) was also
added in various particle sizes to optimize the thermal shock
resistance. The in situ spinel and 22 pm (ds) sintered spinel
powder, because of its smaller size, is expected to enhance
corrosion resistance by readily reacting with slag thereby in-
creasing its viscosity locally (7, of spinel is 2105°C). %0
To enhance HMOR,27 thermal shock resistance,zg’29 and
corrosion resistance,‘%o‘31 2.5,5,7.5, 10, and 15 wt% (Z2.5,
75,77.5, 710, and Z15 in Table 2) fused monoclinic ZrO,
(CUMI SHARP; ds; is 6.1 um) was added into SP while
maintaining the 1:1 weight proportion of spinel and peri-
clase. The added monoclinic ZrO, may get stabilized into the
cubic structure by the MgO raw material or CaO impurity
during sintering®®* which may enhance the thermal shock
resistance due to thermal expansion mismatch.?*? ZrO, ad-
dition enhances corrosion resistance due to interaction with
slag forming high-melting Ca-Zr oxides®*?!
HMOR by reducing the intergranular glassy phalse.27

and increases

2.2 | Ceramic processing

To achieve the best packing efficiency, tapped densities of
different combinations of coarse particles (2.8-1 mm), me-
dium particles (1-0.1 mm), and fine powder (<90 um) were
evaluated. The theoretical density of each composition
was calculated using the bulk density of each raw material
(Table 1) taking the corresponding volume fractions into
account. The combination of coarse:medium:fine 40:25:35
weight ratio (40.3:25.4:34.3 volume ratio) was selected for
the composition SP. The fine powder portion, known as the
matrix of a refractory, affects its field performance signifi-
cantly. The tapped density of SP through Z15 is expected to
be around 80% because the tapped density of a mixture of
sintered spinel (AR90; Almatis Alumina Pvt Ltd; 3.40 g/cm3
density), MR66 sintered spinel, and fused monoclinic ZrO,
(41:30:29 volume ratio) was 80%. To ensure homogeneity of

TABLE 1 Vendor-provided chemical composition (wt%) and density of raw materials
Density
MgO ALO; CaO Sio, Fe,05 ZrO, + HfO, Na,0 + K,0 (g/em’)
Fused MgO 97.15 0.20 1.40 0.65 0.60 0.00 0.00 3.50
Sintered MgO 98.10 0.10 1.35 0.35 0.10 0.00 0.00 3.45
Sintered MgAl,0, 33.00 66.29 0.39 0.09 0.20 0.00 0.03 3.30
Calcined Al,O4 0.00 99.60 0.00 0.02 0.02 0.00 0.30 3.92
Monoclinic ZrO, 0.04 0.12 0.09 0.28 0.05 99.17 0.00 5.60
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Wt% composition of refractories

TABLE 2 Targeted composition of
fabricated refractories in wt%. SP is spinel-

Raw material Particle size® SP 725 75 77.5

Monoclinic dsp=6.1 um 0 2.5 5 7.5
7r0, (2)

Sintered dsp =22 um 12.5 11.25 10 8.75
MgALO, (S)

Sintered MgO dggnm = 3.0 um 12.5 11.25 10 8.75
(S, P)

Calcined Al,O4 dsy=4.7 um 10 10 10 10
(S)

Sintered (1-0.1 mm) 8.5 8.5 8.5 8.5
MgALO, (S)

Sintered MgO (1-0.1 mm) 16.5 16.5 16.5 16.5
P)

Sintered (2.8-1 mm) 15 15 15 15
MgALO, (S)

Sintered MgO (2.8-1 mm) 0 0.63 1.25 1.88
(P)

Fused MgO (P) (2.8-1 mm) 25 24.38 23.75 23.13

710 715 periclase refractory, whereas Z2.5 to Z15

10 15 are spinel-periclase refractories containing
Zr0O, in respective wt%

7.5 5

7.5 5

10 10

8.5 8.5

16.5 16.5

15 15

2.5 3.75

22.5 21.25

“In the refractory literature, particles are often referred to as grains, and grains inside coarse particles are often
referred to as crystallites to emphasize on the impact of crystallite size on corrosion behavior.

the ZrO, additive and in situ spinel, fine powder (<90 um)
was first mixed. Hand mixing was used because each batch
size was too small for a mechanized mixer. Similarly, the
coarse particles and medium particles were each separately
mixed. 3 wt% dextrin was used as green binder and 2 wt%
water was added to achieve workability. The mixing was
done in steps to ensure a homogeneous coating of the ma-
trix on the coarse and medium particles. First, the coarse par-
ticles were mixed with half of the water and dextrin. Then
70% of the fine particles was subsequently added to it, fol-
lowed by the medium particles. Finally, the remaining water,
dextrin, and fine particles were added and mixed together.
Rectangular bars (150 mm x 26.7 mm x 25.5 mm) and cyl-
inders (diameter 50.5 mm and height 58.8 mm) were uniaxi-
ally pressed at 200 MPa in a hydraulic press. To reduce the
density gradient owing to die wall friction during pressing
which can later cause deformation of bars during sintering,
bars were first pressed at 80 MPa without dwell in a floating
die, then spacer of bottom punch was removed and finally
pressed at 200 MPa for 1 minute. This was done to mimic
double-action uniaxial pressing of refractory bricks in the
industry. After drying at 150°C for 24 hours, samples were
fired in a box furnace per the schedule shown in Figure 2.
The dwell time of 1 hour at 330°C was given to decompose
Mg(OH), which may form from reaction of sintered magne-
sia with the water added during mixing.4°’41The slow heating
rate up to 500°C was imposed to burnout the binder, whereas
the dwell time for 0.5 hours at 1300°C was set to nucleate
spinel.* For sintering, a dwell time of 2 hours at 1700°C was

_2h(sintering)
1700 spmel
§ 1300 A"n \3°C/mm
£ 1100
=
8 900 / °C/m\r02
8 2°C/min L
e Mg(OH/ /
® 500 thi natural
= 330 1 /1.5°C/min(binder burnout) cooling rate
3°C/min

0
0 5 10 15 20 25 30
Time (h)

FIGURE 2 Schematic diagram of sintering schedule

applied. Cooling rate was reduced to 1°C/min below 1100°C
to reduce stress generated due to phase transformation of any
remaining unstable ZrO,.

2.3 | Characterization techniques

The phase composition of a ground sample prepared from
the sintered refractories was analyzed using powder XRD
at a scanning rate of 1°/min (Miniflex-II desktop X-ray dif-
fractometer and SmartLab Bragg Brentano X-ray diffrac-
tometer, both from Rigaku).Quantitative phase analysis via
Rietveld refinement was done using JADE 7 (Material Data
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Incorporated). Microstructure of polished sections of the
sintered refractory was analyzed using SEM-EDS (SU6600
FESEM; Hitachi equipped with EMAX X-act EDS; Horiba).
Bulk density and apparent porosity (open porosity) of the
sintered bar samples were measured using Archimedes' tech-
nique through vacuum impregnation of kerosene (ASTM
standard C83O—OO).42 Average (volumetric median) pore
diameter was measured on a cut and polished 20 mm cube
specimen using mercury intrusion porosimetry (Autopore IV;
Micromeritics). Compressive strength, commonly referred
to as cold crushing strength (CCS) in case of refractories
was measured on cylindrical samples using a compressive
strength testing machine (Chemisches Laboratorium fiir
Tonindustrie, as per ASTM standard C133-97).43F1exura1
strength, commonly termed MOR of bar samples was meas-
ured (NETZSCH 422) at ambient temperature (CMOR) and
at 1500°C (HMOR). Thermal shock resistance was quanti-
fied by measuring the percentage reduction in MOR after five
cycles of quenching from 1300°C to ambient temperature
in air (15 minutes dwell time at each step, based on ASTM
standard C1171-05).*

A static slag cup test was done to analyze corrosion resis-
tance. RH degasser slag was collected from a major Indian
steel plant producing high carbon manganese steel for railway
applications, where issues of the slag sticking on the exterior
snorkel and removed by a deskulling machine were preva-
lent. These chunks of slag contained metal. The metal pieces
were removed manually during crushing. Wet chemistry
techniques45 were used to analyze chemical composition of
the slag(Ca0-30.9%, Mg0-9.8%, Si0,-16.7%, Al,05-1.4%,
Fe,05-37.8%, Mn0,-2.9%, Ti0,-0.5%) and its basicity was
calculated (CaO:SiO, weight ratio is 1.9). The refractory cup
was made by drilling a cavity of 10 mm diameter and 20 mm
depth into arefractory cylinder of 50 mm diameter and 58 mm
height. RH degasser slag powder was poured into the cup
which was heated in a box furnace at 1°C/min to1650°C, held
for 3 hours and cooled at 3°C/min to 900°C. A cross-section
of the cup was prepared and penetration of the black-colored
slag into the yellow-colored refractory was measured using
a digital caliper (accuracy of 0.03 mm). Microstructure of
polished specimens of the slag-refractory reaction interface
were studied using SEM-EDS (Tescan GAIA3 equipped
with X-Max Aztec EDS; Oxford instruments). This EDS
has150 mm? silicon drift detector producing very high signal
to noise ratio which enabled study of interparticle regions in
pristine samples and cracks in thermally shocked specimens.
The experimental results were compared with thermody-
namic calculations performed with FactSage thermochemi-
cal software version 7.3 using the Equilib and phase diagram
modules and the commercial databases FactPS and FToxid.*°
Equilibrium calculations were performed to evaluate the
chemical stability of the refractory using its overall com-
position given the proportion and composition of each raw
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material. The chemical reactions between slag and refractory
were simulated by the relative addition of refractory (x, in
mass) to the slag (1 — x, in mass).

3 | RESULTS

3.1 | Phase and microstructure evolution

In order to facilitate 14 wt% in situ spinel formation during
sintering, 10% alumina powder was added to the composi-
tion SP. Hence corundum (ICDD PDF# 00-046-1212) is seen
in the XRD pattern (Figure 3) of unsintered SP. Complete
in situ spinel formation in SP sintered at 1700°C is con-
firmed by the XRD pattern. Phase quantification shows that
after sintering the refractory contained nearly 50% of spinel
(ICDD PDF# 00-021-1152) and periclase (ICDD PDF# 00-
045-0946) respectively. Along with spinel and periclase,
complete stabilization of added monoclinic ZrO, into the
cubic polymorph (ICDD PDF# 00-049-1642) was seen in
Z2.5and Z15. The MgO-Al,05-ZrO, ternary phase diagram36
predicts that compositions Z2.5 to Z15 above 1600°C form
cubic ZrO,, spinel, magnesia, and a metastable ternary phase
X Mgs Al 4 Zr1 7,050, where —0.4 < x < 0.4). X de-
composes below 1600°C and the final stable phases are spi-
nel, periclase, and cubic ZrO,.

Additionally, SEM-EDS analysis of ZrO,particles show
that the Mg/Ca ratio increases from Z2.5 (1.09) through
710 (1.35) to Z15 (1.74), Table S1. According to phase
equilibrium calculations performed with FactSage for
Z2.5 and Z15, the Mg/Ca ratio in cubic ZrO, in Z15 above
1467°C (Figure 4) is much larger than Z2.5.With increasing
temperature, the solubility of Mg increased rapidly in both

E C Corundum
S Spinel

%‘ Z cubic Zr0,
CIC) S 49.7% P Periclase
b= P 50.3%
. —_— A Z P
o s S
= S
© S > z
B i

| |

sPus, C_, Gl C G A C

10 20 30 40 50 60 70
20 (degree)

FIGURE 3 Powder X-ray diffraction pattern showing presence of
corundum in unsintered SP (SP-us) which reacted completely during
sintering at 1700°C for 2 h to form in situ spinel (SP, Z2.5, Z15).
Cubic ZrO, is seen in both Z2.5 and Z15. Inset values show 1:1 weight
ratio of spinel and periclase in SP after sintering
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FIGURE 4 Calculated temperature dependent Mg and Ca content
at equilibrium in cubic ZrO, phase in compositions Z2.5 and Z15

CazrO; +MgO'ss.  /
+ cubic ZrO,

MgO s.s. + cubic ZrO,

215 equlllb

Cubic ZrO;, + tetragonal ZrO,

i Ca0O
Zl'()2 Tetragonal ZrO, —

80
Mol% ZrO,

FIGURE 5 Calculated phase diagram of the ZrO,-rich corner
of the CaO-MgO-ZrO, system along with boundaries of the cubic
Zr0O, solid solution at different temperatures. The blue, black, and
red markers represent the compositions of the cubic ZrO, phase from
equilibrium calculations, and energy dispersive spectroscopy analysis
of pristine as well as slag-corroded samples respectively

72.5 and Z15. At equilibrium, the cubic ZrO, phase in Z10
and Z15 at 1700°C is saturated with MgO as shown by the
blue markers on the boundary line between cubic ZrO, and
MgO+ cubic ZrO, phase fields in Figure 5. However, EDS
analysis showed that the Ca and Mg content in the cubic
Zr0, is lower than the equilibrium values, as represented
by the black markers in Figure 5. These three markers are
located inside the single phase cubic ZrO, stable region
for temperatures above ~1550°C. Given that the sintering
temperature is 1700°C, the phase diagram, therefore, indi-
cates that the measured ZrO, cubic phases are stable. The
CaO—ZrO238 and MgO-Zr0239 phase diagrams show the
solubility limit of CaO and MgO in cubic ZrO, at 1700°C
is 18.9 and 18.6 mol% respectively. However, when present

simultaneously, the FactSage ternary CaO-MgO-ZrO,
phase diagram shows that the maximum solubility in cubic
Zr0O, at 1700°C is 16.8 mol% CaO and 9.2 mol% MgO
(upper-right corner of bold black line in Figure 5), which
sum up to 26 mol%.

The SP composition has a dense microstructure where
coarse spinel and periclase particles are embedded in a
homogeneous matrix of a mixture of fine particles of spi-
nel and periclase, Figure 6A. A similar dense microstruc-
ture is seen in Z10 (Figure 6B) where the matrix (evolved
from <90 um powder) contains a homogenous distribution
of cubic ZrO, particles (white) along with fine spinel and
periclase. The homogeneous distribution of ZrO, and the
absence of its agglomerates is highly desired in the micro-
structure. ZrO, can have a beneficial effect on high tem-
perature strength of the refractory which will be discussed
later. Z10 was selected for analysis because the failure
mechanisms were magnified in this composition and hence
it will help in comparison.

Closer inspection of the cubic ZrO, particles in Z10
revealed that most (77% out of 13 inspected) are crack-
free (Figure 7A), while a few (23%) have multiple cracks
(Figure 7B). These cracks which formed despite a slow
cooling rate of 1-3°C/min during sintering, could be at-
tributed to the decomposition of the ternary phase X
(Mgs Al 4711 7.025:012 where —0.4 < x < 0.4) which in-
volves a 10% volume change which can create severe strain
in the refractory.36

(A) E SP

® BSE, Z10

FIGURE 6 A, Secondary electron image of the SP microstructure
showing coarse spinel (S) and periclase (P) particles. B, Back scattered
electron micrograph of Z10 showing fine white ZrO, (Z) particles in
the matrix
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FIGURE 7 Secondary electron images
of ZrO,particles(light colored) in Z10: (A)
uncracked and (B) cracked

3.2 | Densification

Despite the fact that spinel formation results in 7.4% vol-
ume expansion,”®*’ the composition SP containing 14 wt%
in situ spinel exhibited 0.8% firing shrinkage (Table 3)
and a low apparent porosity of 12.7% (Figure 8). The re-
ported value of apparent porosity of DBMC bricks is 11%-
18%,"3* and that of spinel-containing chrome-free bricks
is 13%-16%."%'> The low porosity in SP is because it has
high tapped density as explained in Section 2.2.The high
tapped density and double-action uniaxial pressing led to
green densities in the range 87%-90% (Figure 8). Hence,
sintering did not cause any densification (reduction of po-
rosity), but did lead to bonding of coarse and medium parti-
cles with the matrix. Addition of ZrO,slightly increases the
bulk density because ZrO, is denser than spinel and MgO.
The apparent porosity first slightly reduces, then increases
with further ZrO, addition and reaches 13.4% in the case of
Z15. The average pore diameter of SP is 9.87 um (Table 3)
which is lower than the reported values of DBMC bricks
(18-23 um) and chrome-free spinel-containing bricks (10-
80 um).'**® With the addition of ZrO, to SP, the pore size
increases to a maximum of 19.65 um in Z7.5 and reduces
to 12.6 pm in Z15.

3.3 | Strength at ambient and high
temperature

Reasonably good CCS is preferred for refractory bricks
as it may help in reducing damages during handling. The
CCS of SP composition was 51 MPa (Figure 9) which is

TABLE 3  Effect of ZrO, addition on
firing shrinkage and average pore diameter
of spinel-periclase compositions Shrinkage (%)
Average pore

diameter (um)

close to the lower range of DBMC bricks for the RH de-
gasser (54-142 MPa, dashed blue vertical double-sided
arrow),'%!"#25but better than spinel-containing chro-
mium-free refractories (21-39 MPa).'°The error bars for
the CCS values are equal because they represent the overall
average standard deviation for different spinel-containing
refractories, some of which will be published later, where
each composition had three specimens. Contrary with the
popular behavior observed in ceramics,”’ in case of the
studied compositions, CCS is having a direct relationship
with porosity of the material as evident from Figures 8 and
9. The decrease in CCS due to ZrO, addition seems to be
related to an overall reduction in liquid phase assisted sin-
tering (Figure 10).

Higher HMOR (flexural strength) implies higher resis-
tance of the refractory to erosion' >4 by turbulent circu-
lation of molten steel and slag which is even more severe
in the inlet snorkel due to argon gas bubbles (Figure 1).
The HMOR of SP is 3.6 MPa at 1500°C, which is near
the lower limit of DBMC bricks (4-9 MPa, solid red
vertical double-sided arrows in Figure 9)!21%15 and like
that of spinel-based chromium-free refractories used in
the RH Degasser (2-6 MPa).'*!> The high strength indi-
cates good bonding due to in situ spinel formation and a
low-impurity matrix. The compositions with ZrO, show
increase in HMOR which nearly doubled in case of Z15.
To investigate the microstructural and chemical origin
of increased HMOR in zirconia-bearing compositions
relative to SP, and to investigate their implications on
erosion resistance, SEM-EDS analyses were performed
at interparticle regions. Figure 11A shows SEM-EDS
line scans along three spinel particles in SP. Increased

SP 72.5 VA 71.5 710 715
0.82 1.13 1.14 1.0 0.93 1.04
9.87 16.95 16.94 19.65 16.98 12.6
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and hot modulus of rupture at 1500°C of spinel-periclase compositions

Impact of ZrO, addition on cold crushing strength
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FIGURE 10 Calculated liquid phase content at equilibrium in
the compositions at 1700°C and 1500°C, which influence sintering and
hot modulus of rupture respectively
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amount of Si is present in the first interparticle region be-
tween the two spinel particles and the second spinel-spi-
nel interparticle region is thicker (~2 pum) and is rich in
both Si and Ca. Figure 11B shows EDS line scan along

three interfaces: spinel-periclase, periclase-periclase,
and periclase-spinel. The second periclase-spinel inter-
particle region has an accumulation of Si and Ca. In the
Z15 composition, cubic ZrO,particles (marked Z) take
Ca and Fe into solid solution according to the SEM-EDS
line scans (Figure 12). In contrast with the SP refractory
(Figure 11A), spinel-spinel (S-S) interparticle regions in
Z15 do not show any Ca and Si enrichment. Some Si and
Ca enrichment (marked by black dotted box) is seen near

the spinel-periclase (S-P) interparticle region in Z15.

3.4 | Thermal shock resistance

Although HMOR increased with ZrO, content, thermal
shock resistance of the spinel-periclase compositions dete-
riorated with ZrO, addition (Figure 13). The MOR (ie flex-
ural strength) decreased by a smaller percentage in SP than in
715, indicating that SP has better thermal shock resistance.
Flexural strength loss of SP was only 68%, whereas the ZrO,-
containing compositions showed strength loss between 82%-
87%. Retained strength of SP was 5.9 MPa, double that of
Z15 (2.8 MPa). This is contrary with reports by Ceylantekin
and Aksel”® who reported an improvement of thermal shock
resistance in magnesia-spinel composites due to ZrO, addi-
tion, though their composites were made of different raw ma-
terials and did not contain coarse particles (2.8-1 mm) which
constitutes 40 wt% of our compositions.

Periclase particles with a higher thermal expansion coef-
ficient (13.5 x 107° K™ than the surrounding spinel phase
(8.4 x 107 K™1)*® were seen to be detached from the ma-
trix creating fracture porosity around them in SP (Figure 14).
Such voids, usually termed incorrectly as 'fractal pores' in re-
fractory literature,” are common in magnesia-spinel refrac-
tories and are known to increase thermal shock resistance.
Thermal shock resistance, R’, is given by the heat flux pa-
rameter, Equation (1),

_ oi(1=v)k
B Ea

R’ , ey

where o; is the fracture strength (eg MOR),v is the Poisson's
ratio, k the thermal conductivity, E the elastic modulus, and
a is the coefficient of thermal expansion.so Cubic ZrO, has a
high thermal expansion coefficient (~10.5 X 107 K™") and low
thermal conductivity (~2 W/mK).* Hence, theoretically ZrO,
addition should reduce thermal shock resistance of the spi-
nel-periclase compositions. Fracture porosity, which improved
thermal shock resistance of SP composition was not observed
in Z10 (Figure S1) which could be because the mismatch in
thermal expansion between the large MgO particles and the
matrix reduces due to ZrO, addition. The thermal shock is be-
lieved to generate differential thermal stress between ZrO,-rich
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dotted boxes. S and P indicate spinel and
periclase particles. Vertical red dotted lines
indicate interfaces
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regions and surrounding ZrO,-deficient regions. A 500 pm
long and up to 30 um wide thermal shock induced crack is seen
to propagate along the interface between a ZrO,-rich and ZrO,-
deficient region in Figure 15A. Bright particles are cubic ZrO,.
EDS maps in Figure 15B clearly show that MgO and spinel are
evenly distributed on both sides of the crack, but ZrO, particles
are only observed on the lower side. An SEM image (Figure 16)
of a cubic ZrO, particle in thermal shocked Z10 having small
cracks looks like that before thermal shock (Figure 7B). The
proportion of cracked ZrO, particles in Z10 after thermal shock
(23.5% among 17 particles analyzed) is the same as before ther-
mal shock (23% among 13 particles).

3.5 | Slag corrosion resistance

The RH slag collected from the steel plant is expected to be
rich in FeO due to the vacuum environment and slag con-
tact with molten steel at high temperature. However, the
slag corrosion tests were performed at 1650°C in air with-
out molten steel. Under these conditions, FactSage equilib-
rium calculations predicted this slag to be liquid (7}, was
1497°C) with a composition (in wt%) of: Fe,O5 31.9, FeO
5.6, CaO 31.2, Si0O, 16.9, MgO 9.9, Al,05 1.4, Mn,05 1.7,
MnO 0.9, and TiO, 0.5. There are three main corrosive ox-
ides in the slag:FeO,, CaO, and SiO,. Base composition SP
showed the least penetration (2.6 mm) by molten RH degas-
ser slag (Figure 17) meaning SP has a higher corrosion resist-
ance. One measurement each was made for both penetration

depth as well as pore diameter. Slag penetration increased
with ZrO, addition reaching a maximum for Z10 (7.1 mm),
after which it reduced slightly in Z15 (4.9 mm). Hence, Z15
has better corrosion resistance among the ZrO,-containing
compositions.

Figure 18 shows an SE image and EDS maps of a rep-
resentative portion of composition SP with spinel and MgO
particles of various sizes that were in contact with RH degas-
ser slag. Considering the tendency for continuous and uni-
form infiltration starting from the slag region, Fe is found to
be more aggressive, apparent by a thick and uniform region
of high Fe concentration, followed by a thin layer of Ca and
more subtle penetration of Si. With increasing distance from
the slag contact area (going downwards), FeO, penetration
decreases possibly because the connectivity of open pores is
gradually lost. The relative resistance of sintered MgO, fused
MgO and spinel toward FeO, penetration is clarified by the
next two figures.

A large fused MgO particle in slag corroded SP is shown
in Figure 19. It is easily identified by (a) its dense and some-
what elevated appearance because the surrounding porous re-
gions get polished down more during SEM sample preparation
(hardness decreases exponentially with increasing porosity5 h;
and (b) the fact that MgO particles larger than 1 mm in SP can
only consist of fused MgO (Table 2). Figure 19 additionally
corroborates the slag corrosion behavior of SP observed in
Figure 18. The dense fused MgO particle in Figure 19 is seen
to be devoid of Fe. The line averaged Fe scan performed using
Gatan Digital Micrograph software (GMS3; Gatan) over a
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FIGURE 12 Scanning electron microscopy coupled with energy
dispersive spectroscopy line scans in the composition Z15 show only a
Ca and Si enrichment at the spinel-periclase (S-P) interparticle region
which can form low-melting phases. Vertical red dotted lines indicate
interfaces
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of spinel-periclase compositions. Percentage reduction in modulus of

Impact of ZrO, addition on thermal shock resistance

rupture of refractory bars after five cycles of quenching from 1300°C
to ambient temperature air is shown

rectangular region illustrates that the Fe concentration abruptly
decreases in the fused MgO particle.

Figure 20 shows the calculated refractory stability and
equilibrium composition of the slag in contact with SP at

FIGURE 14 Secondary electron image and energy dispersive
spectroscopy maps of spinel-periclase composition after five cycles
of thermal shock from 1300°C to ambient temperature air. Thermal
shock induced cracks are seen to be stopped at fracture porosity
formed around periclase (P) particles

FIGURE 15 A, Secondary electron image of a 500 yum long
thermal shock induced crack in Z10. Another similar crack (B) is
shown with energy dispersive spectroscopy maps clarifying the crack
propagates at the interface between ZrO,-rich and ZrO,-deficient region
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FIGURE 16
colored) in Z10 after thermal shock showing small cracks
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of Ruhrstahl Heraeus degasser slag into spinel-periclase refractories
reacted at 1650°C for 3 h. Diameter of pores in the refractories are seen
to have a strong influence. Inset shows cross-section of the refractory
cup of Z10 composition after slag corrosion

1650°C. According to these calculations which assume
perfect contact and instant reactions between all phases,
the spinel phase from SP is less stable in the RH slag than
the MgO phase, as evident by the lower spinel phase con-
tent at a given SP mass fraction, and by the presence of
MgO close to the slag-rich side (Figure 20A). This is be-
cause the slag has a higher solubility of Al,O5 (36 wt%)
than MgO (18 wt%), Figure 20B. However, dissolution of
spinel in the slag could not be observed in the SEM images,
possibly because the slag-rich regions were partially lost
during SEM polishing. The measured Fe content in spinel
and MgO particles were higher than the FactSage predic-
tions (Table S2).
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Figure 21 shows microstructure of Z10 where slag is pen-
etrating downwards. The elemental maps show a large fused
MgO particle on the right (P), a small fused MgO particle in
the bottom left and a matrix of ZrO,, MgO as well as spinel in
the middle. The fused MgO particles were identified by their
dense and slightly elevated appearance. White line scan 1
shows Fe steadily penetrates the matrix containing corrosion
resistant phase ZrO,, and it is inhibited only when it faces the
fused MgO particle. White line scan 2 shows Fe extensively
reacts into the first 250 pm of the large fused MgO particle
and then gets strongly inhibited. However, as soon as it enters
the matrix, the Fe concentration becomes as high as in the
slag contact region.

Figure 22 shows the interaction of RH degasser slag
with the ZrO,-infused matrix in Z10. Point EDS analysis in
Table 4 reveals that cubic ZrO, particles interacted with CaO
from the infiltrating slag (a) by forming CaZrO; phase; and
(b) by increasing the Ca content in the solid solution in cubic
ZrO, particles from 7.0 + 0.6 at% in pristine Z10 (Table S1)
to 13.0 + 1.4 at% in slag corroded Z10. The (Ca + Mg)/
(Ca + Mg+Zr) ratio in Z10 after slag corrosion was 0.23
which is in accordance with the FactSage prediction of 0.25
at 1650°C .

Figure 23A-C presents the thermodynamic predictions of
the chemical interactions between Z10 and the RH slag. The
simulations reveal that MgO resists corrosion, while both spi-
nel and cubic ZrO, dissolve in RH slag, Figure 23A, due to
the high solubility of Al,O3 and ZrO,in the slag. As a result,
the slag splits into two immiscible liquids, so-called “slag
1”,which can dissolve up to 20 wt% Al,O5 and 15 wt% ZrO,,
Figure 23B, and ZrO,-rich slag 2, which can dissolve up to
29 wt% Al,O5 and 35 wt% ZrO,, Figure 23C. The viscosity of
slag 1 was found to increase as it infiltrated Z10. Viscosity of
slag 2 could not be calculated with FactSage due to the high
ZrO, content.

4 | DISCUSSION

Chromium-bearing DBMC refractories are the current stand-
ard for the RH Degasser lower vessel and snorkel linings.
Being a potential source of carcinogenic Cr*, an alternative
chromium-free refractory meeting the stringent properties
requirements is the need of the hour. The present study on
the spinel-periclase-zirconia system brings to light the key
parameters that need to be addressed to achieve the required
properties in a chromium-free system. Development of the
alternative chromium-free refractory was enabled by the
meticulous design of materials and processing. The selected
40:25:35 weight ratio of coarse, medium, and fine particles
led to very high green and sintered densities. The adopted
floating die mechanism mimicking industrial double-action
pressing as well as the customized sintering regime allowed
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slow removal of volatiles and gradual phase formation/trans-
formation leading to defect-free sintered bodies. The matrix
of SP composition contained free Al,O; and sintered MgO
which reacted to form in situ spinel during sintering which
was believed to enhance HMOR. Coarse particles of fused
MgO was added to impart a high corrosion resistance. The
simultaneous presence of MgO and spinel phases, having

FIGURE 18 Secondary electron
image of Ruhrstahl Heraeus degasser slag
corroded composition SP at a region having
various particle sizes of spinel and periclase.
White arrowheads indicate direction of slag
penetration. Mg and Al energy dispersive
spectroscopy (EDS) maps in the top row
identify periclase particles (P). Si, Ca,

and Fe EDS maps in bottom row illustrate
penetration of slag elements

FIGURE 19 Secondary electron image
of Ruhrstahl Heraeus degasser slag corroded
composition SP showing a large fused MgO
particle (bottom right). White arrowhead
indicates direction of slag penetration. Mg
and Al energy dispersive spectroscopy
(EDS) maps in the top row identify periclase
particles (P). Si, Ca, and Fe EDS maps in
middle row illustrate penetration of slag
elements. Integrated line scan along a
rectangular region (dotted white box) in Fe
map is shown at the bottom

disparate thermal expansion, led to a high thermal shock re-
sistance. Their concomitant presence also helped in matching
with the low basicity of RH slag. The magnesia-rich MR66
spinel was added because it bonds well with MgO during
sintering. Finally, ZrO, which underwent in situ stabilization
during sintering, was seen in microstructural investigation to
have a positive impact on HMOR and corrosion resistance.
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phase distribution showing lower stability a g
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FIGURE 21 Secondary electron

image of Ruhrstahl Heraeus degasser slag
corroded Z10. White thick arrowhead
indicates direction of slag penetration. Mg,
Al, and Zr energy dispersive spectroscopy
(EDS) maps identify periclase particles (P)
and ZrO,-rich matrix in the refractory. Si,
Ca, and Fe EDS maps in subsequent rows
illustrate penetration of slag elements. Two
Fe line scans are shown: white arrow 1
passes from ZrO,-MgO-spinel matrix into a
small fused MgO particle and white arrow
2 goes from a large fused MgO particle into
the matrix

The thermodynamic calculations carried out for the system
as well as the slag-refractory interaction supported the ex-
perimental results.

The XRD analysis (Figure 3) showed that the sintered
SP refractory composition is free from unreacted alumina,
and has about 50% of spinel content, thus ensuring the effec-
tiveness of the employed heat treatment schedule (Figure 2).
A similar behavior was also observed in the case of ZrO,-
bearing compositions. Though stabilization of the mono-
clinic ZrO,in cubic form was observed, no new additional
phases are identified in ZrO,-bearing compositions. A shift
of the cubic ZrO, peaks toward higher angles is observed
between Z2.5 and Z15 (26 were 30.15° and 30.32°, respec-
tively) indicating a decrease of lattice parameter. Duwez

1 FeLa Intensity (counts) 2 Fe Lo Intensity (counts)
OO 10 20 30 40 50 . 0 10 20 30 40 50 60 70
& Matrix &
Distance Distance
(mm) (mm)

Fused MgO

JIMEE T e R R et v | AP S

Fused MgO Matrix

et al’ reported that whereas CaO addition increases the lat-
tice parameter of ZrO,, MgO reduces it. This implies that, as
more ZrO, was added to the composition SP, MgO gradually
became the dominant stabilizing cation for ZrO, and explains
the shift of the ZrO, XRD peaks to a higher angle in Z15.
This was also confirmed by SEM-EDS analysis (Table S1).
The thermodynamic calculations (Figures 4 and 5) showed
higher solid solubility of CaO and MgO in ZrO, in combi-
nation. The simulated precipitation behavior, however, was
not observed in the EDS results measured at ambient tem-
perature possibly because of slow diffusion kinetics. The
(Ca + Mg)/(Ca + Mg+Zr) ratio in the EDS results of Z2.5,
710, and Z15 are below 0.20 which is within the solubility
limit depicted in the phase diagram. It is interesting to note
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that, although the MgO/CaO molar ratio in the bulk of Z2.5
and Z15 calculated from Tables 1 and 2 are 101.7 and 100.0,
respectively; the Mg/Ca ratio in the cubic ZrO, particles are
1.09 and 1.74 respectively. This shows that ZrO, takes up
the impurity element Ca into its structure even though Ca is
present in minor quantity. This justifies the expression “lime
sponge”™! for ZrO, which often takes up considerable lime
(CaO) into solid solution in refractories rich in spinel and
MgO.35 ZrO,removes CaO from the interparticle regions
which would otherwise react with Al,O5 or SiO, to form a
eutectic interparticle glassy phase or low melting crystalline

FIGURE 22
corroded by Ruhrstahl Heraeus degasser slag. Black arrowhead

Secondary electron image of the matrix in Z10
indicates direction of slag penetration. Labels indicate a cubic

ZrO,particle (Z), two CaZrOsparticles (X1, X2), and two Fe-rich
points near (F1) and away (F2) from slag

TABLE 4

phase like monticellite (CaMgSiO,, T, is 1490°C>%) which
deteriorates high temperature strength.

The expected expansion during in situ spinel formation
was also not observed in any of the compositions (Table 3).
This indicates that the expansion during spinel formation
gets accommodated in the starting porosity and was com-
pensated for by the firing shrinkage, thus confirming the
effectiveness of the reported experimental design. Initially
the addition of ZrO, in place of MgO and spinel results
in slight reduction of porosity, which increases with fur-
ther addition (Figure 8). From SP through Z15, increas-
ing weight of the denser phase ZrO, (density 5.6 g/em?)
replacing the lighter phases MgO and spinel (both have
density~3.6 g/cm3) reduces the powder packing density
and green density, and increases the porosity due to rear-
rangement of the particles which is restricted by the coarse
particles (2.8-1 mm). Simultaneously, the fine ZrO, pow-
der (6.1 um) is replacing an overall large-sized mixture of
spinel (22 um) and MgO (3 um), thus reducing porosity.
These two competing factors possibly lead to reduction in
porosity up to Z5, followed by an increase. Additionally,
the equilibrium calculations predict that the weight fraction
of liquid phase at 1700°C also increases from SP to Z5
and reduces steadily through Z15 (Figure 10). Sintering is
enhanced by the liquid phase, suggesting that Z5 would ex-
hibit maximum sintering (lowest apparent porosity), which
is experimentally observed (Figure 8).The pore size first
increases followed by a decrease (Table 3). This is possibly
due to the change in density and particle size with ZrO, ad-
dition. It has been commonly observed that ceramics made
from smaller particles have smaller pores in pressed52 as
well as sintered bodies than ceramics prepared from larger

. 33 . . .
particles.””Hence, to achieve a uniform low pore size

Experimental and simulated compositional analysis of phases in the formulation Z10 after slag corrosion. Mean values of scanning

electron microscopy coupled with energy dispersive spectroscopy (SEM-EDS) of respective particles are presented (in at %), and the given

uncertainty is standard deviation. Slag saturated compositions of different refractory phases obtained through FactSage simulation is also listed here

Spinel MgO Cubic ZrO, CaZrO;
EDS FactSage EDS FactSage EDS FactSage EDS FactSage
Spectra 4 5 17 3
analyzed
Mass fraction of 0.59 0.07 0.92
710
Mg 318+ 14 332 872+65 90.0 83+0.6 10.7 28+0.5
Al 524 +49 57.1 24+13 0.2 2.7+02 0.1 1.5+03
Si 1.7+28 0 0 0 0+0 0 05+04
Ca 05+0.3 0 04+09 0.1 13.0+1.4 11.1 43.0+6.2 50
Ti 01+£0.2 0 02+0.3 0 03+0.2 0 1.0£0.1
Mn 1.0+ 0.6 0.6 1.8 +12 0.7 06+0.3 0 21+08
Fe 125 +£4.5 9.1 79 +4.5 9.0 47+15 0.1 3015
Zr 0+0 0 0 0.1 704 +28  78.0 46.1 +6.3 50
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distribution we can use the same particle size of fine ZrO,,
spinel and MgO powder which were in this case all differ-
ent (6.1, 22 and 3 um respectively). Additionally, the whole
composition design could be based on volume instead of
weight (Table 2), though the ratio of different grades of
spinel and MgO that control HMOR, thermal shock resis-
tance, and corrosion resistance, should be monitored.

The HMOR increased with 2.5% ZrO, addition com-
pared to that of SP (Figure 9). Further ZrO, addition did
not show any additional improvement until Z15 which
showed a high HMOR of 7.2 MPa. This is 20% better
than the best reported chromium-free spinel-containing
refractory (6 MPa),"® and approaches the upper limit of
DBMC bricks. The EDS analysis of the interparticle re-
gions in SP (Figure 11) shows presence of high Si and Ca
in the interparticle regions. From the perspective of the
erosion-prone environment of the RH degasser operating
up to 1630°C, presence of Ca and Si at interparticle re-
gions can prove dangerous because of formation of eu-
tectic glass and crystalline phases including monticellite
(CaMgSiO,, T,, is 1490°C),** merwinite (Ca;MgSi,Oq, T,
is 1575°C), anorthite (CaAl,Si,Og, T, is 1553°C), and ge-
hlenite (Ca,Al,Si0;, T, is 1593°C).* Liquid formation at
interparticle regions would cause particles to slide under
load at high temperature, reducing HMOR, and could also
cause the refractory to be eroded faster under the force of
rapidly moving molten steel. At the same time in case of
Z15 (Figure 12), while there is a presence of Ca and Si-
rich phase in spinel-periclase interparticle region, the spi-
nel-spinel, spinel-ZrO,, and periclase-ZrO, interparticle

Z10 (mass fraction)

1.0
z10 RHslag  zrO, of Z10 (mass fraction) ZrO;

regions are clean. The overall enhancement in HMOR of
spinel-periclase compositions with ZrO, addition could
be due to removal of the CaO impurity from interparticle
regions of periclase (both fused and sintered MgO con-
tain ~1.4% CaO). Point EDS data in Table S1 shows that
the cubic ZrO, particles in Z15 contain 6.4 + 0.5 at% Ca.
Zr0O, is reported as a “lime sponge” in spinel- and MgO-
containing refractories.’'* This can prevent formation of a
low-melting interparticle film of glass or crystalline phase,
which both reduce HMOR, and is a critical factor for RH
degasser snorkel and lower vessel performance. Since there
is a direct relationship between HMOR and erosion resis-
tance,'>'* the spinel-periclase-15% ZrO, composition is
expected to give a better erosion resistance. This needs to
be verified by testing and application trials. Overall, ZrO,
addition enhances the HMOR of SP composition which is
related to an overall reduction in the weight fraction of lig-
uid phase at 1500°C, as predicted by FactSage (Figure 10).

Composition SP exhibited better thermal shock resistance
compared to the zirconia-bearing compositions as evident
from the high residual strength (Figure 13) after thermal cy-
cling despite having a low apparent porosity (12.7%) which
is expected to reduce thermal shock resistance.>* This can
be attributed to the fracture porosity at matrix-periclase in-
terfaces (Figure 14). Thermal shock induced cracks up to
491 pm long were believed to be stopped when they inter-
sected this fracture porosity around the periclase particles.
Existence of fracture porosity was not observed in Z10
(Figure S1) probably due to the low thermal expansion mis-
match between the ZrO,-containing matrix and periclase
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particles. But formation of large cracks was observed after
thermal shock at the interface of matrix regions with het-
erogenous distribution of ZrO, (Figure 15). No substantial
increase in intraparticle cracks among ZrO, particles was
observed compared to the sintered one. This means that the
individual cubic ZrO, particles, despite their low thermal
shock resistance (reported AT is 100-150°C)™, were not
responsible for thermal shock failure of the spinel-periclase
compositions. However, their collective presence as heterog-
enous ZrO,-rich areas with higher thermal expansion coeffi-
cient generated cracks at the interface. Hence, the MOR after
thermal shock (residual strength) of Z10, 2.7 MPa, was half
of that of SP, 5.9 MPa (Figure 13). These ZrO,-rich regions
could be eliminated by ball milling the matrix (<90 um pow-
der) separately before mixing it with coarse and medium
particles.

Slag corrosion resistance of spinel-periclase composi-
tions should theoretically increase with ZrO, addition®*
because ZrO, can react with CaO in the penetrating slag and
form a “slag barrier”, containing high melting point phases
like CaZrOs (T, is 2314°C).*® However, in this experiment
such improvement was not observed. It is important to
note that pore diameter (Figure 17) of SP was the smallest
(9.87 um), and it gradually increased with ZrO, addition till
777.5 (19.65 um) after which it reduced. The reasons for this
change of pore size with ZrO, addition and methods to miti-
gate the same were discussed earlier. Overall it seems that the
slag penetration depth increased with increasing pore size in
Figure 17 which is in accordance with the Washburn model
(Equation 2) for liquid penetration into a capillalry:55 6

W r(cosQ)o-t’ @)
2n

where, h is the slag penetration depth, r the pore radius, 8 the
contact angle, o the surface tension, 7 the interaction time, and
n the slag viscosity. The apparent porosity (volume fraction of
open pores) on the other hand decreased with ZrO, addition
(Figure 8) and only Z15 had slightly higher porosity (13.4%)
than SP (12.7%). Hence, pore size had a much greater impact
on slag penetration than the volume fraction of open pores here,
an idea commonly accepted by the refractory ceramics com-
munity. In fact, if the equilibrium contact angle of slag (0) is
higher than 90°, a minimum threshold pore radius P 7given in
Equation (3) exists such that if the pore size of the refractory is
below r*, the slag cannot penetrate, regardless of the volume
fraction of open pores.

20cosf

rR=— s 3)
pgl

where p is the density of liquid slag, [ the depth of liquid slag
layer on the refractory, and g the acceleration due to gravity.

The slag is rich in FeO, in the RH degrasser, and FeO,
is considered especially detrimental because of its ability
to form eutectic phases with a wide range of refractory ox-
ides, with the corrosion aggravated by additional presence
of MnO, and SiO,. In the region of high Fe concentration in
the Fe map (Figure 18), Fe is seen to equally corrode MgO
and spinel. The MgO-FeO phase diagraxm5 8 shows complete
solid solubility of FeO in MgO, and the melting point de-
creases with such substitution. Both FeO and Fe,O; have
a significant solubility in spinel.35’59’60 If Fe is taken up in
the MgO solid solution, the viscosity of the infiltrating slag
might increase, reducing its penetration into the refractory.
The elemental map of Fe in SP (Figure 19) shows significant
penetration in case of spinel matrix and sintered MgO except
for fused MgO. This proves the higher corrosion resistance
of fused MgO compared to that of sintered MgO. The high
corrosion resistance of the fused MgO particle is due to the
lack of grain boundaries as these particles are made up of
large 500 pm grains as compared to the 80 um grain size
in sintered MgO. A representative microstructure of a fused
MgO particle in Z15 is shown in Figure S2. The thermody-
namic equilibrium calculation on interaction between SP and
RH slag also points toward the resistance of MgO to slag in
comparison with spinel (Figure 20), and attributes it to the
higher solubility of Al,O; in slag. The MgO phase is not only
stable in slag, but it takes up FeO, into the solid solution.
Due to the large Al,O5 pick up and loss of FeO,, the viscos-
ity of RH degasser slag was predicted to increase from 0.2
poise to 1 poise as it continued infiltrating into SP composi-
tion. This might hinder slag penetration. Since Fe is the most
corrosive element, mitigation of FeO, penetration should be
a priority to enhance corrosion resistance. This leads to an-
other inference about the choice of refractory raw materials
for spinel-periclase refractories for application in a RH de-
gasser. The order of decreasing corrosion resistance is fused
MgO, sintered MgO, and MR66 sintered spinel. Hence, if
the RH degasser slag in a steel plant is rich in FeO,, the fused
MgO as well as overall MgO:spinel ratio in the brick might
be increased. However, the thermal shock resistance may get
adversely impacted due to increase in fused MgO in the com-
position34 which needs to be evaluated.

Fused MgO demonstrates much higher corrosion resis-
tance than the matrix infused with 10% ZrO, in case of
Z10 after interaction with slag (Figure 21). Contrary with
the popular belief that ZrO, addition increases corrosion
resistance of refractories made from MgO and spinel, it is
observed here that the large fused MgO particles have a
higher corrosion resistance than fused ZrO,, in situ spinel,
presintered MR66 spinel and sintered MgO, which were all
present in the matrix. It might be interesting to study the
impact of fused ZrO, having a larger particle size on prop-
erties of spinel-periclase refractories. Since fused MgO
has a higher corrosion resistance than the ZrO,-infused
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matrix, the deterioration of slag corrosion resistance of spi-
nel-periclase refractories due to ZrO, addition might also
be caused due to a lower fused MgO content. SP and Z15
contain 25% and 21.25% fused MgO, respectively, which
was chosen to maintain 1:1 ratio between fused and sin-
tered MgO (Table 2). The EDS analysis of ZrO, particles
in slag corroded Z10 (Figure 22) shows that the Mg/Ca
ratio decreases from 1.35 before slag corrosion (Table S1)
to 0.64 after corrosion (Table 4), and some of the Mg2+ al-
ready present in the ZrO, particles are substituted by Ca’*
from slag. The overall uptake of Ca®" in the ZrO,particles
(Ca/(Ca + Mg+Zr) ratio) doubles to 0.14 during corro-
sion. In Z10, the ZrO, particles also absorb Fe from the
slag (increase of 3.8 at%). Ceylantekin and Aksel’® had
added ZrSiO, to spinel-periclase refractory and found that
ZrO,(formed from decomposition of ZrSiO, during sin-
tering) reacted with CaO from the slag forming CaZrOs,
which acted as a “barrier” to further slag penetration. In
Figure 22, the Fe content is seen to reduce from 74.7% (F1)
near the slag region to 11.7% (F2) behind the “slag bar-
rier” formed by the high Ca-containing cubic ZrO, (Z) and
CaZrO; (X1 and X2) particles.

The calculated Fe content in the MgO and spinel solid
solutions is similar in both Z10 and SP (Tables 4 and S2),
but the measured values by EDS shows that both spinel
and MgO phases in SP take up more Fe into solid solu-
tion than in Z10. This could make the penetrating slag
more viscous in the case of SP, leading to reduced slag
corrosion. The formation of CaZrO; phase was not pre-
dicted when the bulk composition Z10 was equilibrated
with RH slag (Figure 23A) due to the high Al,O5 content
in the infiltrating slag originating from the spinel dissolu-
tion. Given that complete and instant equilibrium reactions
between all phases in the refractory and the slag are un-
likely during the experiments, direct interactions between
cubic ZrO,particles and the RH slag were also simulated in
Figure 23D. The initial composition of the ZrO,particles
in the calculations was taken from Table S1. In this case,
CaZrO; became a stable phase due to the high concentra-
tion of CaO in the slag. This corroborates the presence of
CaZrO; in SEM-EDS analysis (Figure 22). The simulations
also predicted a good stability of cubic ZrO, and supported
the measured EDS data showing an increase in the Ca/Mg
ratio in the cubic ZrO, phase before and after interaction
with the RH slag. The cubic ZrO, composition after slag
corrosion of Z10 is indicated on the ternary phase diagram
by a red filled square marker in Figure 5. The evolution of
the cubic ZrO, phase composition before and after slag cor-
rosion (from black filled square marker to red filled square
marker in Figure 5) demonstrates that the presence of the
CaO-rich RH slag caused the cubic ZrO, composition to
move toward the CaO corner of the phase diagram due to
CaO intake, where the CaZrO; phase becomes stable.
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Overall, it can be inferred that pore size has a strong effect
on corrosion resistance (Figure 17).Despite obstruction of
slag penetration locally by the added ZrO, which forms a slag
barrier (cubic ZrO, 4+ CaZrOj), the overall corrosion resis-
tance was not improved due to the larger pore size and lower
FeO, uptake by the spinel and periclase phases. Z15 showed
a better corrosion resistance among the ZrO,-containing spi-
nel-periclase refractories. Considering the wide variation in
RH degasser slag chemistry and thermal regimes in different
steel plants all over the world, this detailed correlation among
raw material chemistry, ceramic processing, thermomechan-
ical properties, and corrosion resistance might enable engi-
neering of commercially viable environment-friendly Cr-free
refractories.

5 | CONCLUSIONS

This study clearly demonstrates that through a judicious
choice of raw materials, designing of particle size distribu-
tion and proper processing, it is possible to create chrome-
free refractories meeting the stringent property requirement
for RH Degasser lower vessel and snorkel application.
Proper aggregate size design helped in achieving a spinel-
periclase refractory having 14 wt% in situ spinel content
with an apparent porosity and mean pore diameter of 12.7%
and 9.87 um respectively. The porosity further decreased
to 11% with ZrO, addition of 5 wt%, which is close to the
lower range of the reported porosity for direct-bonded
magnesia-chrome refractories. Addition of ZrO, increased
the hot strength and the 15 wt% ZrO,-bearing composition
exhibited an HMOR of 7.2 MPa. The stabilization of ZrO,
from monoclinic to cubic phase by taking in Mg2+ and
Ca’* ions from the matrix, confirmed by XRD, resulting
in reduction of liquid phase formation as demonstrated by
FactSage calculations, could be the reason for this. The el-
emental maps of the SP composition after interaction with
RH slag clearly shows the resistance of fused large grain
magnesia against FeO, attack thus improving the corrosion
resistance. Although the cubic zirconia absorbed more cal-
cium ions from the slag potentially altering its viscosity,
the ZrO, added compositions showed inferior slag corro-
sion resistance and higher slag penetration owing to larger
mean pore diameter. The increased lime pickup and the
formation of CaZrOj as predicted by FactSage calculations
have been confirmed experimentally. Further optimization
of the ZrO, particle size and its uniform distribution in the
matrix is essential to reduce the mean pore diameter as well
as prevent micro-crack generation in zirconia-containing
composition during cycling. A chrome-free refractory with
good slag corrosion resistance and thermal shock resist-
ance for RH Degasser snorkel and lower vessel can thus
be created.
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