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Abstract

The thermal shock behaviour of novel carbon-reduced refractories with maximum grain size of 1 mm was investi-
gated. A wedge splitting test for small specimen geometries (max. 40 x 40 x 20 mm3) was successfully implemented
with different loading configurations to determine “work of fracture” and thermal shock parameters. Additionally,
heating-up thermal shock tests were performed with an electron beam facility. The addition of 2.5 wt% ZrO, and TiO,
to Al,O; refractories appears to improve their thermal shock resistance due to microstructural changes that reduce
brittleness and inhibit critical crack growth. However, a phase transition of ZrO, affects the properties at elevated
temperature. For another pure alumina refractory, no geometry-independent value for the work of fracture could be
obtained for the sample geometry used, which is probably related to the formation of a large interaction zone of the
fracture surfaces. Al,O;-C materials with addition of semi-conductive Si and nanoparticles revealed a strong effect of
the pressing direction on the work of fracture. However, the thermal shock parameter R”” was hardly affected by the
different additives. Furthermore, thermal shock tests using the electron beam facility JUDITH 1 did not indicate any

significant differences in the damage pattern of the different Al,0;-C materials.
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I. Introduction

Thermal shock resistance is one of the key properties of
refractories, since linings and components have to with-
stand fast temperature changes during charging, tapping
and casting processes!. The use of carbon increases the
thermal shock resistance of refractories. However, a re-
duction of carbon results in better insulating properties
and reduced carbon pick-up of the steel. The develop-
ment of a new generation of carbon-free and carbon-
reduced refractories for steel applications with excellent
thermal shock resistance has been the aim of the SPP 1418
- “FIRE” program.

Inorderto characterize thermal shock behavior, different
approaches have been developed, applying analytical and
phenomenological methodologies?. Based on the fracture
mechanics of brittle ceramics, Hasselman3: 4 derived sev-
eral thermal shock parameters, also called “figures of mer-
it”. The most important parameters for the characteriza-
tion of thermal shock damage are:

R = YWOF X E

2
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with E being the Young’s modulus, ¢ the fracture stress,

)

as well as
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Pwof the work of fracture and « the thermal expansion coef-
ficient. R”” represents the resistance against kinetic crack
growth, while R is proportional to the critical tempera-
ture for crack propagation.

An accurate determination of ¢ is the most important
basis for the calculation of R””and R .. However, owing
to the typically heterogeneous microstructure of refracto-
ries, necessary sample geometries have to differ from the
ones used for structural ceramics.

Refractory materials are usually able to accumulate large
amounts of elastic energy before crack initiation, how-
ever, the sum of elastic energy stored in the sample and
testing machine should be quite low in order to avoid
catastrophic failure. The wedge splitting test (WST) af-
ter Tschegg?: ¢ (Fig. 1a) fulfills the necessary requirements
and is therefore a commonly used method for testing the
fracture behavior of refractories and other quasi-brittle
materials’> 8 9. Fig. 1 illustrates schematically the experi-
mental set-up and suggested specimen geometry. A verti-
cal load is applied via a wedge and transformed into hori-
zontal load by aloading transmission device. Notch open-
ing can be measured using an extensometer. The influence
of friction is negligible and horizontal force Fyj can be cal-
culated from the vertical load Fy and the angle of the wedge
B

Fv
Fu 2tan(%) )
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The work of fracture can be calculated from the load-
displacement data if crack propagation is stable during the
entire splitting process:

1 6H,max
YwOF = A /o Frddéy “4)

where 6 is the horizontal displacement (notch opening at
the load line) and A the ligament area (A is multiplied by 2
since two new surfaces are created).
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Fig. 1: a) Experimental set-up for WST after Tschegg®; b) Suggested
specimen geometry for the WST after Tschegg®.

Phenomenological methods to describe thermal shock
performance are mostly based upon rapid quenching of
heated samples (e.g. thermal shock by water quenching10).
Thermal shock behavior is evaluated based on microscop-
ic assessment of the damage, comparing Young’s modulus
or fracture stress before and after thermal shock or count-
ing thermal shock cycles until failure occurs10. However,
in application, severe thermal shocks are induced by fast
heating not as a result of cooling and hence, cooling-de-
rived thermal shock does not result in the same thermal
stress distribution in a sample as a heating-derived ther-
mal shock and will therefore most probably notlead to the
same damage pattern.

A promising novel approach to investigate the heating
thermal shock behavior of refractories is the application
of an electron beam in order to produce short and strong
thermal shocks, while avoiding chemical interaction with
steel or slag. So far this method has been established to
characterize thermal shock behavior of first wall materials
for fusion power plants (e.g. Linke et al. 11> 12). Initial tests
on refractory materials have been conducted by Skiera et
al. 13, However, it was observed that erosion was the main
damage mechanism; long cracks or crack networks could
not be observed.

The current work focuses on thermo-mechanical charac-
terization of carbon-free and carbon-reduced refractories
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within the framework of the SPP 1418 — “FIRE” program.
Besides thermo-mechanical characterization, the develop-
ment and optimization of testing methods was a focus of
this study. A new WST set-up for small specimen geome-
tries with different loading configurations has been imple-
mented at Forschungszentrum Julich, permitting also ele-
vated temperature tests up to 1000 °C. Additionally, ther-
mal shock tests were conducted using the electron beam
test facility JUDITH 1. Different Al,O3-based materials
were investigated. Al,O3 exhibits very good corrosion re-
sistance but has a poor thermal shock performance!4. One
approach to improve thermal shock resistance is the addi-
tion of ZrO; and TiO, (AZT)15. Owing to the formation
of Al,TiO;5 during sintering and its accompanied volume
increase, a micro-crack network is formed. Moreover, the
different phases (zones) reveal different thermal expansion
coefficients and form the so-called spring elements that
contribute to improved thermal shock resistancel¢. The
investigated AZT material represents the state of the art at
the beginning of the SPP-1418 — “FIRE” program. Al,O;
was investigated as the state-of-the-art reference material,
whereas the alumina material is a reference for a newer se-
ries of AZT materials, however, on account of the very low
strength of these AZT materials, specimens for WST and
CT tests could not be prepared.

Another approach for the reduction of carbon in re-
fractories is the addition of semi-conductive Si and/or
nanoparticles. The use of semi-conductive Si can result
in higher carbon content after coking and therefore en-
hances thermal shock resistancel”. Nanoparticles (e.g. alu-
mina sheets, carbon nanotubes) are able to improve ther-
mal shock performance as well. Owing to their high re-
activity, the formation of whisker networks is enhanced.
Interlocking of these whiskers leads to higher strength of
refractories!8. Additionally, heating can cause healing or
reformation of whiskers, which enhances thermal shock
resistancel?. Hence, in this study Al,O ;-C materials with-
out additives (A-C, reference), with additions of semi-
conductive Si (A-C-Si) and with additions of semi-con-
ductive Si, alumina nano-sheets and carbon nanotubes (A-
C-Si-TNAS) were investigated.

II. Experimental

The investigated materials were developed at TU
Freiberg in three different projects within the Priority
Program (AN322/15-1, AN 322/27 -1, AN322/16-2).
Compositions are listed in Table 1 and Table 2. Details of
the raw materials, grain size distribution and production
procedure can be found in Skiera et al.20 (Al,O3/AZT),
Bohm et al?! (alumina) and Merkte and Aneziris?2
(Al,O3-C; investigated materials were produced accord-
ing to curing condition 2).

Work of fracture determination and in-situ crack prop-
agation observations were carried out using a new WST
set-up developed within the framework of the Priority
Program at Forschungszentrum Jilich GmbH. Samples
with maximum grain of 1 mm were investigated. The
small maximum grain size compared to typical refrac-
tory materials allows a reduction of specimen geometry
(20 x 20 x 20 mm?3 — 40 x 40 x 20 mm3) and therefore en-
ables a larger number of tests in a particular time interval.
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Moreover, tests with small specimens (20 x 20 x 20 mm?3)
could be carried outin an SEM chamber for detailed crack
propagation observations (details can be found in Skiera ez
al. 20). The reduced specimen geometry excluded the ap-
plication of the loading transmission device suggested by
Tschegg. Hence, in the current work two different loading
configurations were used:

1. Direct contact between sample and wedge (Fig. 2a).

2. Fixed rollers in a groove (Fig. 2b).

Table 1: Composition of tested carbon-free refractories.

Raw materials |Compositions wt %

AL, O3 (A)) |AZT) Alumina™)
A1203 100 95 100
ZrO, - 2.5 -
TiO, - 2.5 -

*)  Materials with maximum grain size of 1 mm (A1 and A1AZT) or
200 pum (A200 and A200AZT) were produced.
**) Maximum grain size 1 mm

Table 2: Composition of tested carbon-reduced refracto-
ries.

Raw materials Compositions wt %

A-C |A-C-Si |A-C-Si-TNAS
ALO;") 58 |58 58
C 20 20 20
Si 6 5.5 5.5
Novolac liquid 4 4 4
Novolac powder |2 2 2
Si (semiconductive) | - 0.5 0.5
Carbon nanotubes | - - 0.3
Alumina nanosheets | - - 0.1
*)  Maximum grain size 0.6 mm
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Fig. 2: a) Loading configuration 1; b) Loading configuration 2.

Loading configuration 1 (LC1) wasintroduced by Skiera
et al. 20. The main advantages are the flexibility with
respect to sample geometries and the simplicity, also with
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respect to sample preparation. Within the current study,
tests were conducted with sample geometries of 20 x 20 x
20 mm3, 37.5 x 40 x 20 mm3 and 40 x 40 x 20 mm3. For
loading configuration 2 (LC2), grooved samples with a ge-
ometry of 40 x 40 x 20 mm3 were used. Depth and width of
the groove were 5 or 10 mm, respectively, which limits the
reduction possibilities with respect to the sample geome-
try. Rollers with a diameter of 4 mm were used, therefore
the load line was at 37 mm. Samples were provided with
notch lengths ranging between a/W = 0.4-0.75 (a/W =
notch length/specimen length, measured from load line to
bottom of sample/notch). In both cases, friction cannot
be neglected and Eq.3 has to be extended by a friction
influence factor f-

_1-puxtan(B/2) 5

"~ 1+p/tan(B/2) ()

with # being the friction coefficient. Fy can then be cal-
culated via:

(6)

The friction influence factor can be determined by cali-
brating the load-displacement curves obtained from WST
and frictionless compact tension (CT) tests (a more de-
tailed explanation about the experimental set-up can be
found in Skiera et al.29). The CT tests were carried out us-
ing the same specimen geometry that was used for WST
with LC2, leading to load line at 37.5 mm. Skiera ez al. 20
determined a friction influence factor f of 0.24 for the
Al,03and AZT samples. Calibration was done via the ra-
tio of Fiy p,, (maximum horizontal force) obtained from
CT tests and WST.

For the Al,O3-C samples, the friction influence factor f
was determined for LC1 and LC2 via the ratio of notch
tensile strength onr obtained from CT and WST:

Onr = s 14 X, )
where Band L are width and length of the ligament and y=
((W-a)/2) + a. The fracture stress was chosen as the param-
eter for calibration instead of Fyj p1,4, in order toreduce in-
accuracies resulting from small geometry variations (spec-
imen size and notch length).

Experiments at room temperature were performed us-
ing a metal wedge with g = 40° loaded vertically with a
crosshead speed of 25 um/min. The fracture surface A is
defined as the product of W-a and the width of the spec-
imen. Crack propagation was monitored using a Basler
Camera A 402k equipped with a Nikon telephoto lens and
afocal lens of 28 —200 mm. In order to visualize the crack
path, an image correlation software tool was used.

Elevated temperature (HT, up to 1000 °C) experiments
were carried out in an Instron testing machine using a ce-
ramic wedge with g = 20°. The friction correction factor
(0.21) was determined at RT23. Since the notch opening at
HT could not be measured directly, along-distance micro-
scope was used, which recorded 30 images per minute. The
notch opening was determined from these images (optical
resolution 1.7 um/pixel), which were synchronized with
the vertical force data. The experiments were carried out
using a vertically crosshead speed of 25 pum/min.
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Powder XRD was used to analyze the phase composi-
tion. The measurements were carried out using a D5000
X-ray diffractometer (Siemens, Germany) in the temper-
ature range 25 to 1000 °C.

Thermal expansion was measured in the temperature
range 25 to 1000 °C using a horizontal push rod dilatome-
ter (Netzsch Group, Germany). The experiments were
conducted in accordance with DIN 5104524,

An impulse excitation technique was applied to deter-
mine the dynamic elastic modulus23 26, With the resonant
frequency of the fundamental bending mode (f}), the elas-
tic modulus of bar-shaped samples can be calculated ac-
cording to ASTM E 1876 -0127:

m x

b
where m is the mass of the sample, L the length, & the
width and t the height. T is a geometry correction fac-
tor. Measurements were performed using a commercial
GrindoSonic set-up that permitted tests to be carried out
up to 1100 °C (J.W. Lemmens N.V,, Belgium). A bar ge-
ometry of 45 x 14 x 6 mm3 was chosen taking into account
the limited space of the test set-up, while still ensuring the
required height/maximum grain size to length/height ra-
tio of >527.

Thermal shock tests were conducted with the electron
beam facility JUDITH 1 (Juelich Divertor Test Facilities
in the Hot Cells). The facility consists of a vacuum cham-
ber (10-4 mbar), an electron gun and several devices for
data acquisition (pyrometer, cameras with optical and in-
frared objectives). The electron beam “scans” a pre-de-
fined sample area. The severity of thermal shock can be
varied by changing the beam current and/or acceleration
voltage. The actual thermal shock temperature was deter-
mined by a fast pyrometer along with supporting FEM
simulation 23.

E =0,9465 x (

2
i, ®

III. Results and Discussion

AZT/AlLO;,

All WST were carried out using LC1 with the friction
correction factor of 0.24 determined by Skiera ez al. 20.
Samples with geometries of 40 x40 x20 mm?3 (large), 20 x
20 x 20 mm3 and 20 x 20 x ~9 mm3 (small, halved 20 x 20 x
20 mm3 sample) were investigated. Stable crack growth for
A1 samples was only achieved for /W = 0.7. Variation of
the ligament area could only be achieved with variation of
the sample size. A1AZT materials were successfully tested
witha/W=0.4-0.7. The data are presented in Fig. 3. Since
different sample geometries were used, the ligament area
instead of a/W is presented on the x-axis. No size effect
could be observed in the case of A1 since the data set is not
sufficient owing to the specimen size limitation. In the case
of A1AZT-1600-1II1, work of fracture appears to increase
with increasing ligament area, but A1AZT-1650 displays
converse behavior. No trend can be observed for A1-AZT-
1500 and A1-AZT-1600-11. Comparing these trends with
the general overall scattering of the data points, a clear size
effect cannot be identified.
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Fig. 3: Work of fracture vs. ligament area of a) A1 b) A1AZT.

Table 3 summarizes the thermal shock parameters ob-
tained from WST at RT. The results include the data pub-
lished by Skiera28 and Skiera et al. 20. The improved ther-
mal shock behavior of AZT materials compared to Al,O4
is probably related to non-linear effects in the wake zone
such as micro-cracking, crack branching and bridging of
fracture surfaces 20. These effects are a result of the com-
plex microstructure, which has been investigated and dis-
cussed in more detail in previous studies2% 30.

Furthermore, a clear effect of the sintering tempera-
ture on material properties and the thermal shock pa-
rameters can be observed. Fruhstorfer er al.3! reported
an effect of the sintering temperature on the formation
of AL, TiO5 in AZT materials, which has a strong impact
on the microstructure. Based on the results reported in
this study, a hypothesis has been derived: the formation
of Al,TiOj starts at around 1280 °C. This formation is
accompanied by an increase in volume and leads therefore
to the formation of micro-cracks. This mechanism results
in a continuous decrease of Young’s modulus and fracture
stress with increasing temperature up to sintering temper-
atures of about 1600 °C, where the formation of Al,TiO5
is expected to be completed. The sinter activity increases
once the formation of Al,TiO5 is completed, which re-
sults in an increase in Young’s modulus. The observation
that the fracture stress does not increase for higher sinter-
ing temperatures might be related to both porosity effects
as well as pore size distribution.
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Table 3: Mechanical properties of Al and A1IAZT at RT.
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Sintering temp. E?) o) %(RT-1000) Pwof R R

°C GPa MPa 10-6.K-1 N/m mm K-m05
Al

1500 169+2 81t1 8.28 38.7+3.4 1.0x+0.1 1.8+0.1
1600-1 166+2 88+ 8 8.33 37.2t3.6 0.8+0.1 1.8+0.1
1600-11 166 +2 88 £8 8.33 37.2+4.8 0.8+0.2 1.8+0.2
1650 18917 61+13 - 41.8+1.3 2.1+£0.1 -
A1AZT

1500 843 21+1 7.81+0.01 41.9x7.1 7.8t1.4 2.8+0.3
1600-1 68+ 11 149104 7.69+£0.13 18.1+£2.2 5.6+0.7 2.1+0.2
1600-11 6811 14.9+0.4 7.691+0.13 27.613.0 8.5t1.0 2.6+0.2
1650 77 4 14+1 - 35.3+2.0 13.6£0.8 -

*)  Determined at TU Bergakademie Freiberg using ultrasonic runtime measurements (E) and 3-point bending tests (o), respectively.

Another strong effect on the material behavior appears
to be the phase transformation of ZrO, at elevated tem-
peratures, which was verified by means of XRD investi-
gations (Fig.4). The reversible transformation of mono-
clinic (m) ZrO, into tetragonal (t) ZrO, takes place in a
temperature interval from 600 °C to 900 °C. During cool-
ing the transformation is reversed in a temperature in-
terval from 700 °C to 400 °C. Literature reports indicate
phase transformation temperatures of >1000 °C (m—t)
and <950 °C (t—m), respectively32. However, the incor-
poration of TiO, lowers the phase transition temperature
of ZrO,. In fact, EDX investigations confirmed the pres-
ence of TiIO, within the ZrO;, lattice. Comparing the phase
transition temperature intervals with data from Pandolfel-
li ez al.33, it can be estimated that the amount of incorpo-
rated TiO, is between 12 and 18 vol%.

Zr0, (m) Zr0, (t) Zr0, (m)
W\/\N\M "
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7 n
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35°C e \W g
6 28 30 3 34

2
26
Fig. 4: Excerpt of the HT-XRD pattern an A1AZT-1600 sample.

The phase transformation hasa strong impact on the tem-
perature-dependent elastic behavior, i.e. the Young’s mod-

ulus displayed strong thermal hysteresis (Fig. 5). Young’s
modulus values of AZT materials at 1000 °C are up to
a factor of two higher than at RT. Such behavior has al-
so been reported for Al,O3-ZrO, refractory materials in
other studies3% 35. The phase transformation of ZrO, is
accompanied by a volume change of 3—5 %, which can
also be seen in dilatometer curves (Fig. 6), and this might
lead to debonding and damage owing to thermal expansion
mismatch between grains and matrix36.
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Fig.5: Relative change of elastic modulus with temperature an
A1AZT-1650 sample.

Elevated temperature WST carried out at 800 °C before
and after the phase transformation revealed a strong in-
fluence of ZrO, modification on fracture mechanical be-
havior. A load-displacement curve obtained at 800 °C be-
fore the phase transformation of ZrO, (m—t) indicates a
similar behavior as at RT (Fig. 7a). A higher value of y,¢
results from an increased flexibility (notch opening at 0.1
Fri May) 22 The presence of tetragonal ZrO, in AZT ma-
terialsleads to anincrease in fracture stress (detected based
on the increase of Fpj \1,5) and a decrease in flexibility. The
phase transformation of ZrO, (m—t) and the associated



160 Journal of Ceramic Science and Technology —A. Bohm et al.

microstructural evolution leads to a more brittle fracture
behavior than at RT (Fig. 7b).
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Fig. 6: Dilatometer curve of an A1AZT-1500 sample.
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Fig.7: a) Load-displacement curve from WST of an A200AZT-

1600 sample at 800 °C before phase transition of ZrO,; b) Load-

displacement curve from WST of an A200AZT-1500 sample at

800 °C after phase transition of ZrO,.

Alumina

CT tests and WST with both loading configurations were
also performed on alumina materials. Tests with LC1 did
not yield stable load-displacement curves (Fig. 8). In par-
ticular, the rising part of the load-displacement curves ex-
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hibits a discontinuous behavior with a large scattering in
Fii Max (and therefore onr) even though a/W values were
similar, hence resulting in a large scatter of ¢ data. Be-
cause of this large scatter, no friction coefficient could be
determined. This behavior is assumed to be related to the
weak grain bonding of the tested alumina materials. Ow-
ing to the direct contact of wedge and sample, mechanical
stresses lead to damage at the contact surface and therefore
to discontinuities in the sustainable load.

300

240

180

120

o
o

Horizontal force [N] (not corrected)

0 1 T T
0 100 200 300 400
Notch opening [pm]
Fig. 8: Load-displacement curves for Alumina materials in LC1.

Tests with LC2 and CT tests revealed stable load-dis-
placement curves. Hence a significant smaller scatter of
Fii Max Was observed for LC2. Furthermore, the results
indicated no significant influence of friction for LC2. The
Pwof values obtained from CT tests and WST in case of LC2
are presented in Fig. 9.

25
*
20
-E- 15 | ®
S
= L 2 o
- 10 L]
T
2
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B CT test
0
0,3 0,4 0,5 0,6 0,7 0,8

a/W
Fig. 9: Dependency of yy,f on the initial notch length for Alumina
materials.

Friction coefficients could not be obtained owing to the
large scatter of LC1 data. The ¢ data of alumina materi-
als show a clear size effect in the range /W =0.7-0.4. No
plateau region could be deduced based on the obtained re-
sults. The complete pullout of big grains in the wake zone
enlarges the interaction zone of the fracture surfaces. For
this material, it seems to be necessary to increase the speci-
men geometry for WST in future works in order to obtain
geometry-independent results.



June 2016

Al,O5-C

Further investigations using different LCs were per-
formed with Al,O3-C materials. Owing to the alignment
of the graphite flakes parallel to the pressing direction, the
WST was performed with samples that were notched par-
allel and perpendicular to the pressing direction (Fig. 10).
Stable load-displacement curves could be obtained in all
cases. Friction coefficients were calculated based on Eq. 8,
yielding 0.34 (LC1) and 0.13 (LC2), respectively (the fric-
tion factor was estimated to have an accuracy of 0.05).

100
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X A-C-LC1
g0 oAcLc
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)
T OA-CSITNAS-LCL| R &
Z 60
S X
)
3 -
40 —
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20 : : ;
03 0,4 0,5 0,6 07 038
a/W

Fig. 10: Dependency of y,.f on the initial notch length for Al,O53-C
materials for different loading configurations.

The yyof values obtained from CT tests and WST are
presented in Fig. 11. The calculated friction coefficients are
higher in the case of LC1. This result was expected since
the friction between a rough ceramic surface and the steel
wedge is supposed to be higher than friction between two
smooth (steel) surfaces. The calculated friction coefficient
in the case of LC2 (0.13) agrees with the reported friction
coefficient for steel/steel contacts37.
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crack

deflection
Crack
branching

Crack path

mostly Strong

straight crack
deflection

[FJE 8 aeny

Fig. 11: Crack propagation in Al,O3-C samples with notch parallel
to pressing direction (left) and notch perpendicular to pressing
direction (rigth).

A clear “size-effect” for py,of was not detected for Al,O ;-
C materials. However, a huge difference in ¢ with re-
spect to the pressing direction was revealed. Specimens
with a crack path parallel to the pressing direction showed
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around 50 % lower values compared to specimens with
a crack path perpendicular to the pressing direction. The
crack path parallel to the pressing direction was most-
ly straight, while the crack perpendicular to the press-
ing direction showed a large number of crack deflections.
Hence, in this case the rough surface of the ligament areas
leads to frictional effects during crack opening and there-
fore higher energy consumption.

R””>was calculated for crack growth perpendicular to the
pressingdirection (Table 4). The samples with additives re-
vealed a lower value than the reference without additives
(A-C). This effect can be related to an increase in strength
and Young’s modulus, while y,¢ stays constant. Howev-
er, Mertke and Aneziris 22 observed an improvement of
the thermal shock resistance with the addition of these ad-
ditives (data are presented in Table 4). Thermal shock re-
sistance was assessed based on the change in strength after
quenching samples with compressed air. The addition of Si
or nanoparticles is supposed to support the formation of
interlocking whisker networks. These whisker networks
are formed at elevated temperatures, which means that re-
heating might have a healing effect.

Table 4: Mechanical properties of Al,03-C at RT.

Eﬂ') 0_7:‘) yWOf R),))
GPa MPa N/m |mm
A-C 12.7+0.2 [10.3+0.2 [68+4 (8,110

A-C-Si 15.6+2.2 |13.2£1.2 |74%£3 |6,6+0,6

A-C-Si-TNAS|18.9£0.3 [14.5+0.3 [67£5 [6,0£0,3

*) Determined at TU Bergakademie Freiberg using ultrasonic run-

time measurements (E) and 3-point bending tests (0), respectively.

Table 5: Operation conditions for thermal shock tests on
the Judith 1 electron beam facility.

Condition |Current|Cycles|Time |Power Temp.
[mA] [ms] |density [°C]
[MW/m2]
1 78 100 100 |21.1 1250
2 78 50 200 |21.1 1450
3 90 100 100 |24.3 1350
4 90 30 100 |24.3 1250

Complementary experiments for the Al,O3-C materi-
als were carried out on the JUDITH 1 facility. The op-
eration conditions and the maximum temperature (after
the last thermal shock cycle) are given in Table 5. Accel-
eration voltage was 120 kV with a pause of 2 s between ev-
ery pulse (cycle). Evenly distributed damage was observed
for the thermally shocked areas. Thermal shock tempera-
tures up to 1450 °C were realized. The damage was quan-
tified based on the material loss (Fig. 12). For all materials,
the highest weight loss was obtained with operation con-
dition 2 (highest thermal shock temperature). Other oper-
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ation conditions yielded lower weight losses. SEM images
revealed micro-cracks in the grain matrix boundary after
thermal shock (Fig. 13). A significant dependence of ma-
terial loss or damage pattern on the addition of semi-con-
ductive Si and/or nanoparticles was not observed.

0,5
Cond. 1 Cond. 2
0,4 — H
B Cond.3 MCond. 4
=0,3
@
o
@
© 0,2 —
2
1 E
0 T T
A-C

A-C-Si A-C-Si-TNAS
Fig. 12: Material loss of Al,O3-C materials after thermal shock.

Y’ o A W ad
SN T § i
Fig. 13: a) SEM-image of an undamaged Al,03-C sample; b) SEM-
image of an Al,O;-C sample after thermal shocked with condi-

tion 3.

IV. Summary and Conclusions

In the current study, the thermo-mechanical behavior
of different carbon-reduced and carbon-free refractories

Vol. 7, No. 2

for steel applications was investigated with novel and im-
proved testing methods. An optimized WST for small
sample geometries was carried out with different loading
configurations. LC1 does not yield reproducible load-dis-
placement curves for any material as verified for alumina.
With LC2, stable load-displacement curves were obtained
for both tested materials (alumina and Al,053-C). An ad-
ditional advantage of LC2 is that the friction coefficient
appears to be material-independent, whereas a friction co-
efficient for LC1 has to be obtained for each investigat-
ed material. However, sample preparation for LC1 is less
complex. Overall, the necessary loading configuration of
WST should be adapted to the expected and obtained ma-
terial properties.

A strong size effect for the obtained work of fracture
was found for alumina materials, while Al,O3 and AZT
materials as well as Al,O3-C materials did not reveal a
clear size effect. A size effect of work of fracture occurs
for materials that display an R-curve behavior: The crack
resistance (dissipated energy/crack extension) or fracture
toughness increases with increasing crack propagation
owing to toughening effects in the wake region. A plateau
value is reached when the formation of the wake zone
is completed. For a sufficiently long crack, the work of
fracture becomes constant. The absence of a size effect for
Al,03-C can be explained with its significantly smaller
maximum grain size compared to the alumina materials
(0.6 vs. 1 mm). Considering only this effect, a grain size
reduction leads to lower roughness of the fracture surface
and therefore to a smaller wake zone. However, Al,O4
and AZT materials do not reveal a clear size effect, while
having the same maximum grain as the alumina materials.
One of the differences between the materials is the very
weak grain bonding behavior of alumina materials. It can
be assumed that large alumina grains are pulled out the
matrix during crack opening, this effect would lead to an
increase of the fracture surface roughness and the wake
region.

In addition to the widely discussed microstructural de-
velopment of AZT at RT 20,29 30, elevated temperature
investigations revealed a huge effect of the ZrO, phase
transition on mechanical properties. Experiments up to
1000 °C showed more brittle behavior than at RT. Howev-
er, the formation of Al,TiO5 and its accompanied volume
expansion of 11 vol% is expected to have an influence on
the microstructure at temperatures > 1280 °C and hence
might have a crucial impact on thermomechanical behav-
ior in operation conditions.

Thermal shock tests with the JUDITH 1 electron beam
facility were carried out with Al,O3-C materials. This
method requires electric conductivity of the tested sample
and can be used to apply severe thermal shock to carbon-
containing refractory materials. No significant differences
could be observed in the damage of the different Al,O;-C
materials. Compared to initial investigations by Skiera et
al. 20 and Bohm 23 on MgO-C materials, a more homoge-
nous damage pattern was observed for the thermal shock
test with the JUDITH 1 electron beam facility than for ex-
periments carried out previously at the JUDITH 2 elec-
tron beam facility 13. A main difference is that lower ero-
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sion effects are obtained for the same power densities. One
reason might be the different shape of the electron beam
(3 mm diameter in the case of JUDITH 2 and 1 mm diam-
eter for JUDITH 1) or the different relation of acceleration
voltage to beam current (40 kV and 500 mA in JUDITH 2
experiments compared to 120 kV and 78 -165 mA in JU-
DITH 1). These differences are constrained by the bound-
ary conditions of the machine parameters and cannot be
varied in a wide range.
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