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Influence of zirconia or zircon grain size on thermomechanical properties
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Abstract

Hot blast tuyere linings in blast furnaces face severe operating conditions including high temperatures,
cyclic thermal stresses, erosion from high-velocity gas streams and shell damage. Due to the typical shape
and wall thickness of tuyere, it is quite difficult to suggest standard low cement vibratable castable. So free-
flowing castables are widely used for this application. However, the castable must have very good abrasion
resistance along with low thermal conductivity and capability to withstand under temperature fluctuation
to keep the outer shell temperature under control and prevent damage. Zirconia or zircon- containing free-
flowing alumina castables are widely used due to their excellent high-temperature properties along with
controlling thermal conductivity. However, optimizing zirconia particle size distribution and quantity is
crucial to achieving optimal performance. This study investigates the influence of zirconia particle size
distribution on the microstructural, mechanical, and thermal properties of free-flowing alumina castables.

This study demonstrated that the optimal zirconia particle size distribution significantly impacts the
overall performance of the castable. A specific range of zirconia particle sizes was found to enhance the
mechanical strength, improve the cold crushing strength and control thermal conductivity and shrinkage
at elevated temperatures.
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1 Introduction

Hot blast tuyeres are critical components in
blast furnaces, where they are exposed to extreme
thermal gradients and mechanical loads. The selection
of suitable refractory materials for these components
is essential to ensure operational reliability and
longevity. Among the various refractory oxides,
zirconia (ZrQ») is widely recognized for its high
melting point, excellent thermal stability, and

which

collectively enhance its resistance to thermal shock

transformation  toughening  behavior,
and mechanical degradation.

Ronald C. Garvie demonstrated that partially
stabilized zirconia (PSZ) with optimized grain sizes
can significantly improve thermal shock resistance
and mechanical strength through stress-induced
phase transformation toughening". Fruhstorfer
further highlighted that a wide particle size
distribution, particularly with medium- sized grains,
enhances thermal shock resistance due to mechanisms
such as crack deflection and contact shieldin?.

Given these findings, this study aims to
systematically investigate the effect of zirconia or
zircon grain size on the thermal conductivity,
mechanical strength, and thermal shock resistance of
free-flowing alumina castables. By tailoring the
microstructure, especially the grain size distribution,
this research seeks to optimize the performance of
refractory linings used in high-temperature industrial
applications such as blast furnace tuyeres.

2 Experimental Procedure

Eight castable compositions were designed for
this study. Typical compositions are shown in
Table 1. The aggregate consists of high density
bauxite and sintered alumina along with andalusite
and zirconia or zircon.

The base recipe (S) was designed without any
zirconia and zircon containing minerals. In all
batches high alumina cement (as a binder) and some
special additive with fixed proportion was considered
to achieve the free flow behavior.

In all cases 12 kg sample was prepared as per
composition mentioned in Table 1. Dry mixing was
carried out in high intensity Hobart mixer for five
minutes followed by addition of water in two steps.
80% of total water was added in the beginning and
wet mixed for two minutes followed by addition of
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Table 1 Batch formulation of castables

the rest 20% water and continued to wet mix for
another three minutes to achieve the required
consistency. Free flow (FF) and tap flow (TF) were
measured with caliper. TF was measured as per TRL
Krosaki in-house standard. Four different sizes
sample were made for evaluation of different
properties. For measurement of cold crushing
strength (CCS), cold modulus of rupture (CMOR),
apparent porosity (AP), bulk density (BD) and
permanent linear change (PLC), sample size was
160 mm X 40 mm X 40 mm and for measurement
of thermal spalling resistance cube samples of 65 mm
X 65 mm X 65 mm were prepared. For the
measurement of hot modulus of rupture (HMOR),
the sample size was 150 mm X 25 mm X 25 mm
and for the measurement of thermal conductivity the
size was 230 mm X 115 mm X 75 mm. The thermal
spalling test was carried out at 1200 “C (as per ASTM
C1171 standard) to air. Abrasion loss was conducted
using ASTM C704.

For measurement of CMOR, CCS, AP, BD
and PLC at different temperatures, firing of samples
was carried out at 1000 °C, 1200 °C and 1400 °C.
Thermal conductivity test was conducted using IS
17107:2019 method. at three different temperatures
600 °C, 800 °C and 1000 C. HMOR test was done at
1200 “C after pre-firing the sample at 1200 °C. XRD
and SEM was carried out to understand the formation
of any new phases after firing at 1200 “C.

(ZS: Zircon Sand, ZF: Zircon Flour, PSZ: Partially Stabilized Zirconia)

Raw Materials S PZM

PZ100

PZM100 | PZ200 | PZ325 Z8M

ZS (0-1)mm - -

- - - 10 -

ZF (-200)mesh -

- - - 10

PSZ (0.5-0.15mm) - 7

PSZ (-100)mesh - -

PSZ (-200F)mesh : -

[ VSN =Ny |

PSZ (-325)mesh - -

|
1
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1
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Table 2 Tentative chemical composition
of raw materials

Oxides” YA ZF PSZ
Si0, 28 29 0.21
7r0, 65 64 93
Fe,0, 0.3 05 0.07
CaO - - 3.75

# All values are in weight % and checked by XRF analysis.

3 Results & Discussions
3.1 Castable Composition and Flow Behavior

In all cases ZrO: content was kept in the range
of 6~7 wt %. The tentative chemical analysis of
zirconia containing raw materials is shown in Table 2.

Figure 1 shows the particle size distribution
(PSD) of the zirconia and zircon used.

Both free flow (FF) and tap flow (TF) for all
eight batches were measured by keeping the same
water percentage. The appearance of flow behavior is
shown below in Fig.2.

Increasing the fines content in castables
reduces the free flow and tap flow values due to higher
surface area of raw materials.
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Fig. 1 PSD of zirconia and zircon materials.
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Fig. 2 Flow behaviour of all batches.
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3.2 Properties of Samples after Drying & Firing

All physical properties like AP, BD, CCS,
CMOR & PLC were measured after drying the
samples at 110 C for 24 hrs as well as after firing at
three different temperatures 1000 °C, 1200 C &
1400 °C with a soaking period of 3 hours.

The variation in AP is shown in Fig.3. There is
an increasing trend in AP while firing the samples up
to 1200 °C and which is quite normal as the removal
of both physically and chemically combined water
takes place with increasing temperature creating
pores in the matrix. In all cases, measurement of AP
at 1200 °C is maximum and this has happened due to
removal of total remnant structural water and again
upon firing at 1400 °C slightly densification occurs
due to partial sintering which causes reduction in
porosity.

The maximum BD is observed for all samples
after drying which is expected followed by reduction
in BD with increase in firing temperature (Fig.4).
The bulk density increases after firing at 1400 °C due
to enhance sintering and particle to particle bonding.
This densification reduces pore volume, leading to a

25

20

15

AP (%)

10

S PZM PZ100 PZM100

H 110°C  m1000°C 1200°C = 1400°C

PZ200 PZ325 Z5M 75200

Fig. 3 AP at different temperatures.
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PZM PZ100 PZM100 PZ200 PZ325
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Fig. 4 Variation of BD at different temperatures.
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more compact structure. Castables with zircon sand
(ZS) exhibit the highest bulk density due to the sand's
coarse particle size and high specific gravity. These
characteristics promote better packing efficiency
compared to zircon flour (ZF) or fines of partially
stabilized zirconia (PSZ).

CCS is shown in Fig.5. This is due to sintering
and phase bonding becoming more effective at higher
temperatures, leading to a denser and stronger
microstructure. PZ200 and ZSM are showing higher
CCS at elevated temperatures, especially at 1400 “C.
This is likely because zircon sand has higher thermal
stability and sintering activity, which enhances the
mechanical strength after firing.

CMOR is shown in Fig.6. PZ200 exhibits
highest CMOR at 1200 °C due to better sintering
and strong particle bonding. Whereas CMOR
decreases at 1400 “C for most castables due to over-
sintering, grain coarsening, or microcracking, which
can weaken the structure. These high-temperature
effects reduce the material's ability to resist bending
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Fig. 5 Measurement of CCS at different temperatures.
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Fig. 6 Measurement of CMOR at different temperatures.
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stress, even though densification may still occur.

In Fig.7, PLC values are shown after firing at
1000 °C, 1200 °C & 1400 °C. The PLC values till
1200 °C are slightly on the negative side except
PZ325. However positive PLC values are observed
for all samples while firing at 1400 “C. Sample without
any zirconia shows more shrinkage than others.

PLC varies with temperature, especially after
firing at 1400 °C it becomes positive which indicates
the thermal expansion. This dimensional instability
canintroduce internal stresses or phase transformation
which may explain the drop in CMOR at high
temperatures.

Abrasion loss was measured at room
temperature for all samples after pre-fired at 1200 C.
The variation in abrasion loss (Fig.8) is due to
differences in particle size, bonding strength, and
phase composition. Samples like PZ325, with finer

zirconia particles, show lower abrasion loss, while

s PZM PZ100 PZM100 PZ200 PZ325 ZsM 25200
0.10
0.05
0.00 O 2 - l -
S -0.05 I I I I
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0.25
Fig. 7 Measurement of PLC at different temperatures.
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Fig. 8 Measurement of Abrasion Loss at 1200 C.
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coarser zirconia or less dense samples like PZ100 and
78200 exhibit higher wear due to weaker surface
integrity.

In Fig.9, Hot Modulus of Rupture (HMOR)
values are mentioned measured at 1200 °C. HMOR
varies in different samples due to differences in high-
temperature bonding and phase stability. PZ200 and
ZSM show higher HMOR values. This may be due to
better sintering and stronger ceramic bonding at
elevated temperatures.

In Fig.10, variation of thermal conductivities
is shown measured at three different temperatures
(600 C, 800 °C & 1000 °C). The standard high-
alumina sample (S) shows higher thermal conductivity
due to alumina’s naturally high heat transfer
properties. When fines of partially stabilized zirconia
are added,

zirconia has lower conductivity and increases porosity.

thermal conductivity drops because

Whereas in batch ZSM while introducing zircon
sand improves packing and reduces porosity, raising
thermal conductivity again.

0

PZ100 PZM100 PZ200 PZ325 25200
Fig. 9 Measurement of HMOR at 1200 °C.
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Fig. 10 Measurement of thermal conductivity at different temperatures.
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3.3 Thermal spalling resistance

Thermal spalling tests were conducted at
1200 °C after drying the samples at 110 C for 24
hours in accordance with ASTM C1171 using the air
quenching method. There was no major cracking or
breakage observed till 50 cycles. However, minor
cracks appeared in Z8200 and PZ325 samples
(Fig.11) after 40+ cycles. This is due to the finer
zircon flour and -325 mesh partially stabilized
zirconia. These finer particles have higher surface area
and more grain boundaries, which can initiate
microcracks under thermal stress, unlike coarser
grains that better resist crack propagation due to
lower internal stress concentrations.

Fig. 11 Thermal spalling test- appearance after 50+ cycles.
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3.4 XRD Analysis

The presence of different mineralogical phases
is identified by XRD analysis (Fig.12) after firing at
1200 °C. While observing the XRD analysis the
major phases are identified as corundum, mullite,
cristobalite and zircon or Ca-Zirconate. The peak
intensity of mullite is increased while firing at 1200 °C
indicates in-situ mullite formation.

Based on the XRD pattern it can be interpreted
that batches containing zirconia grains forms zircon
(ZrSiO4) due to the reaction between zirconia (ZrO»)
and silica (SiO2) at elevated temperatures. This

reaction is thermodynamically favorable around
1200 “C.

Z1r02+Si0, — ZrSiO4

The formation of zircon (ZrSiOs) indicates
interaction between the zirconia grains and the silica-
rich matrix.

In all PSZ containing batches, CaO from the
stabilizer reacts with ZrO; to form calcium zirconate

(CaZrOs).
Ca0O+ZrO; — CaZrOs

This phase is stable at high temperatures and
contributes to the refractory's structural integrity.

Standard batch (S) contains only alumino-
silicate minerals, and therefore corundum (ALQO3)
and mullite (3A1,05-2Si0,) are observed which are

@ Corundum Mndalusite DIMullite
- ——pPIM ——PZ100 ——PIM100 ——PZ200 ——PZ325 ——ZISM ——175200 . Cristobalite DZircon
b Ca-Zirconate
100000
00 = XRD Pattern
80000 &
_ 70000 ‘\? - - IA, -~
& 60000 M .
§ 50000 A ——— .
i;' 40000 A b -
i /TP VO L
20000 — Ah ~
10000 A A o
0 10 20 30 40 50 60 70 80 90
2-theta

Fig. 12 XRD Analysis of all batches after firing at 1200 C.
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typical high-temperature phases in alumino-silicate
systems.

Formation of cristobalite is the polymorphic
conversion of silica present in matrix, Cristobalite is a
high-temperature polymorph of silica, its presence,
even in small amounts, can enhance thermal shock
resistance due to two factors.

A. its volume expansion during phase
transformation (o to f3 cristobalite) which can relieve
internal stresses.

B. It helps absorb thermal strain, reducing the
likelihood of cracking under rapid temperature
changes.

3.5 SEM-EDAX Analysis

Scanning electron microscope (SEM) study
was done after firing all samples at 1200 “C and
shown in Fig.13.

s
.Zr
.Ca

Ti

Fig. 13 SEM & EDAX Analysis after 1200°C firing.
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SEM-EDAX analysis revealed the presence of
needle-shaped grains characteristic of mullite across
all batches, with a particularly strong indication in
Batch No. S. In zirconia- containing batches, EDAX
results confirmed the presence of “Zr” within the
matrix. The use of finer zirconia particles led to a
more homogeneous distribution throughout the
matrix. Furthermore, batches incorporating a higher
proportion of fine partially stabilized zirconia (PSZ)
grains exhibited improved sintering behavior, as
evidenced by the SEM micrographs.

4. Conclusion

This study highlights the influence of zirconia
or zircon grain size on the thermo-mechanical
performance of free-flowing alumina castables for
hot blast tuyere applications. Optimizing zirconia or
zircon particle size distribution enhances cold
crushing strength, hot modulus of rupture, and
abrasion resistance. Finer zirconia particles, especially
partially stabilized zirconia (PSZ), improve sintering
and microstructural uniformity, as confirmed by
SEM-EDAX. These enhancements reduce porosity,
stabilize thermal conductivity, and improve
dimensional stability at elevated temperatures. XRD
analysis confirmed the formation of strengthening
phases like zircon (ZrSiOs) and calcium zirconate
(CaZrO3), contributing to matrix integrity.

Among all batches, addition of fine-grained
partially stabilized zirconia (PSZ) resulted in many
improvement points in mechanical and thermal
properties, suitable for extending castable service life

under the critical conditions of blast furnace tuyeres.
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