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ABSTRACT

Using lasers to generate and detect ultrasonic waves, the laser
ultrasonic technology has proved itself to be a versatile technology
to investigate materials. Completely contactless and (almost) non-
destructive testing, it has the potential to be implemented in harsh,
hard to access, environments, in particularly at elevated
temperatures. Possible applications for laser ultrasonic technology in
the field of refractory material testing were investigated. The transit
time method was successfully applied to assess the modulus of
elasticity of refractory products. Measurements up to 1600 °C were
performed on four different refractory materials, and the degradation
of the modulus of elasticity as a consequence of thermal shock
cycling (water quenching) on refractory test pieces assessed.

INTRODUCTION

Nearly unavoidable during service at high temperature, the physical
properties of refractories strongly change during the refractory’s
lifetime. Their assessment is therefore invaluable, first to check the
quality of newly produced refractory products and then to appraise
their evolution and degradation when exposed to service conditions.
Over the last century, a number of procedures and techniques have
been developed and made available to investigate the physical
properties of refractory products. The earliest testing techniques
were mostly destructive, meaning that the tested material could not
be used after the testing procedures and could only be tested once.
Typical examples include the measurement of the materials strength
(cold crushing strength or modulus of rupture) or the quasi-static
determination of the modulus of elasticity. First pragmatic non-
destructive estimation of the quality of refractory products were
performed already in the middle of the last century by checking the
quality of sound obtained by striking the surface of the material with
a hammer [1]. In a simplified way, this was the base for all ultrasonic
testing methods, where the propagation of ultrasonic waves
throughout a material is used to characterize the material. Overall,
non-destructive testing methods allow materials and test pieces to be
tested several times in a repetitive and exhaustive way. Thus, the
evolution of the materials exposed to different conditions can be
followed.

In the refractory industry, non-destructive testing methods, and more
specifically ultrasonic test methods, are widely used for quality
measurements, to analyse the setting of unshaped refractories [2],
and to measure the dynamic modulus of elasticity up to high
temperature [3]. Usually, ultrasonic testing required at least one
physical contact with the tested material, either to trigger the
ultrasonic waves or to assess the response of the material, typically
with a transducer that can ensure both functions (pulser/receiver).
First attempts to avoid contact with the investigated material,
especially for high temperature measurements, relied on the use of
microphones, usually coupled with a high temperature resistant wave
guide. However, such systems still require contacting mechanical
excitation of the material. Therefore, the application of the
contactless and (almost) non-destructive laser ultrasonic technology
to the characterisation of refractory materials was investigated, for
both shaped and unshaped refractory materials.

LASER ULTRASONIC TECHNIQUES

Basically similar to conventional ultrasonic testing techniques that
exploit ultrasonic waves to investigate materials, the laser ultrasonic
techniques distinguishes themself by the use of lasers to generate and
detect the ultrasonic waves. The ultrasound generation results from

the sudden thermal expansion and/or ablation of a minute portion of
the material hit by a laser pulse. Generally, solid state Q-switched
Nd:YAG lasers and gas lasers are being used for the ultrasound
generation. The generated ultrasound waves are then detected with a
laser interferometer, which can measure microscopic displacements
without physical contact to the material [4]. As a result, the laser
ultrasonic techniques display several advantages over most of the
conventional ultrasound testing techniques:

- No couplant is needed, which removes constraints on the
maximum testing temperature,

- Enable remote measurement, which allows to have safe access
to material exposed to harsh environments and/or otherwise
difficult to monitor,

- Very small measurement spots that allows access to restricted
areas.

Depending on the ultrasonic measurement configuration, the
following characteristics of the ultrasound waves can be monitored
[5]:

- Velocity of the waves that control the time of transit between
points where the ultrasound waves are generated and detected,

- Spectral response of the detected ultrasound signal, especially
the resonance frequency,

- Decrease or decay of ultrasound waves amplitude (damping)
caused by absorption and scattering within the investigated
material,

- Reflection of ultrasound waves by inhomogeneities like the outer
surfaces of the material or discontinuities within the material
itself.

All these characteristics are furthermore strongly affected by
microstructural changes within the material. For instance, with
increasing temperatures, micro-cracks generated during the cooling
of many shaped refractory products after their firing become
gradually closed, leading to an increase of the velocity of the
ultrasound waves, shifting of the resonance frequency to higher
values and decrease of the damping. In the case of unshaped
refractory products, the decomposition of the hydrate phases during
the first heating promotes an increase of the porosity and accordingly
the propagation of the ultrasound waves is hindered, i.e. their
velocity decrease, the resonance frequency shifts to lower values and
the damping increases. Similar consequences occur when the
materials become damaged and cracks form (discontinuities within
the material), for instance as a result of thermal shocks.

MATERIALS AND METHODS

Experimental testing setup

The experimental setup developed to investigate the application of
the laser ultrasonic technique to characterise refractory materials
consisted of a Q-switched Nd:YAG pulse laser with a fundamental
wavelength of 1064 nm for the generation of ultrasound waves
combined with a Laser-Doppler-Vibrometer (Polytec RSV-150),
which incorporates a Mach-Zehnder-interferometer, for the
ultrasound waves detection. The wavelength of the LDV laser was
1550 nm with an optical power of less than 10 mW. This testing
configuration allowed the assessment of the time of transit of
transverse and longitudinal ultrasound waves between the plane-
parallel top and bottom surfaces of cylindrical test pieces
(50 x 50 mm). A pulse energy of up to 1 J was focused in the middle
on the top surface of the test pieces through a lens with a focal length
of 1 m. The radius of the laser spot on the surface was about 70 pm.
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The Laser-Doppler-Vibrometer (LDV) measurement spot was
focused on the opposite side of the test pieces and had a size of circa
150 um. The LDV was operating at a distance of about 2 m from the
test pieces.

A small portion of the laser beam energy leak through the beam
deflecting mirror (Fig. 1) and hit a photodiode, which triggers the
LDV measurement. The signal of the photodiode and the ultrasound
wave signal measured by the LDV were recorded by a digital
oscilloscope.

For measurements at high temperature, the test pieces were placed
on a ceramic holder, itself fitting in a vertically split furnace with
optical access from two opposite sides.
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Fig. 1: Schematic representation of testing experimental setup [6].

The assessed times of transit for the transverse and longitudinal
waves was firstly used to calculate the velocity of the transverse vr
and longitudinal vi ultrasound waves. Then the dynamic modulus of
elasticity E was determined using the following equation:

3vivi—avi
E= LzT 2 L. (1)
ViVt

where p corresponds to the density of the test piece. The equation (1)
was taken from DIN EN 843-2 [7], especially the method C that
describes the determination of the modulus of elasticity from the
time-of-flight of an ultrasonic pulse for monolithic ceramics at room
temperature. For measurement at high temperatures, the density of
the refractory test pieces was considered to be temperature
independent and their thermal expansion neglected. Thus, the values
assessed within the framework of this study rather correspond to an
“apparent dynamic modulus of elasticity”, however, as a matter of
practicality, the term “modulus of elasticity” is being used in the rest
of the present paper.

Experimental procedure

High temperature measurements

In order to assess the ability of the laser ultrasonic technique to be
implemented for high temperature measurements, test pieces were
heated up to 1500 °C. The measurements were carried out in ambient
air at five different temperatures: room temperature, 500 °C,
1000 °C, 1300 °C and 1500 °C. A dwell time of 30 min was
observed for each temperature to ensure temperature homogeneity
within the test piece. Each laser ultrasonic measurement was
repeated three times for a given temperature on a single test piece.

Investigation of the thermomechanically induced damaging

The capability of the laser ultrasonic technique to assess damaging
resulting from thermal stresses was investigated by performing
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measurements on test pieces that have been exposed to thermal
shocks. To this end, the test pieces have been subjected to thermal
shock cycles, whereby the thermal cycling process was stopped after
a given number of cycles, namely 1, 3, 6 and 10. A thermal shock
cycle consisted of heating the test piece to 950 °C for 1 h, followed
by a 3 min immersion into flowing water and finally drying it at
110 °C for 30 min (i.e. water quenching according to DIN 51068).

Materials

Four different refractory materials were investigated in the present
study:

High-alumina bricks with a content of Al2O3 above 99 % and
ceramic bonded. Especially resistant to atmospheres containing CO
and hydrogen up to very high temperature, they are typically being
used in the petrochemical and chemical industries (e.g. soot reactor).
Fused silica bricks with a content of amorphous SiO2 above 99 %.
Because of their great resistance to acid environments, they are being
used in the chemical industry, as well as in the glass industry and as
a hot repair material (for glass melters and coke oven plants).
Andalusite bricks with an Al2O3 content of 60 % and ceramic
bonded. A very versatile product presenting good resistance to creep,
slag corrosion as well as to thermal shocks, and accordingly a fitting
solution for many applications in furnace engineering, iron and steel
industry, waste incineration and glass melting furnaces.

High alumina cement bonded refractory castable (5 % SECAR® 71
cement) with a content of Al2O3 above 97 %. A silica free unshaped
refractory product (monolithic) that is typically cast on site for
applications with high thermal load and stresses.

RESULTS AND DISCUSSION

High temperature measurements

Although the high alumina bricks displayed a much higher modulus
of elasticity than the andalusite bricks, both products exhibited a
similar evolution of their modulus of elasticity with increasing
temperatures (Tab. 1 and Fig. 2). First and up to circa 1300 °C, their
modulus of elasticity increased, probably because of the closing of
microcracks that had appeared during cooling after their firing.
Above 1300 °C, the modulus of elasticity was found to rapidly
decline. In this range of temperature, the formation of the first liquid
phases within the refractory microstructures is expected to impede
the propagation of ultrasound waves, as liquids usually displayed a
lower acoustic impedance compared to solids.

Tab. 1: Modulus of elasticity at different temperatures (average
values of three measurements).

Modulus of elasticity / MPa

Toemperature High- Fused Andalusite High Alumina
/°C Alumina  Silica bricks refractory
bricks bricks castable

20 124 20 25 157

500 116 23 33 132

1000 157 26 51 119

1300 196 48 61 132

1600 140 54 18 195

The modulus of elasticity of the fused silica bricks started at a similar
level to the andalusite bricks but remained almost constant up to
1000 °C (Tab. 1 and Fig. 2). Because of the relatively low firing
temperature and low thermal coefficient of expansion of the
amorphous silica that compose the bricks, no significant change of
the modulus of elasticity was expected in this range of temperature.
Above 1000 °C, the amorphous silica is being progressively
transformed into (mainly) cristobalite, resulting in a higher modulus
of elasticity.
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In the case of the high alumina cement bonded refractory castable,
which displayed the highest values of modulus of elasticity at room
temperature, the progressive decomposition of the hydrate phases up
to circa 1000 °C increased the porosity within the material and
accordingly led to a decrease of the modulus of elasticity. Above
1000 °C, the formation of CAz and CAs along with the sintering
process promote the densification of the castable microstructure and
accordingly explain in all likelihood the observed increase of the
modulus of elasticity.
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Fig. 2: Evolution of the modulus of elasticity as a function of
temperature.

Investigation of the thermomechanically induced damaging

As expected, the assessed modulus of elasticity decreased with
increasing number of thermal shock cycles applied to the refractory
materials (Tab. 2 and Fig. 3). During the thermal cycling of the test
pieces, thermal stresses of sufficient magnitude to damage the
refractory materials arose. Even before the strength of the materials
is exceeded, microscopic cracks (microcracks) may nucleate within
the materials microstructures, and accordingly impede the
propagation of ultrasound waves. With thermal stresses exceeding
the strength of the refractory materials and thermal shocks repeated,
macrocrack initiation and the subsequent large crack propagation
occur. The propagation of ultrasound waves is thus drastically
hindered and the assessed times of transit increase significantly. As
a result, the deterioration of the modulus of elasticity is expected to
be directly related with the extent of the crack propagation and
accordingly inversely related with the ability of refractory materials
to resist damaging. The lower the modulus of elasticity’s decrease,
the less important is the thermal stresses induced damaging and the
higher is the thermal shock resistance of a refractory material.

High alumina refractory products (shaped and unshaped) are known
to be rather sensitive to thermal shocks, at least below 1000 °C. This
was illustrated by the dramatic drop of the assessed modulus of
elasticity for both high-alumina bricks and the high alumina castable
already after one thermal cycle (Tab.2 and Fig. 3). Subsequent
thermal cycles still led to a further decrease of the modulus of
elasticity, but to a far lesser extent. This is in line with Hasselman’s
theory [8]. During the first thermomechanical loading of the
material, elastic strain energy is stored until the strength of the
material is exceed and leading at once to the kinetic propagation of
the cracks already present in the material. During subsequent
thermomechanical loading, a quasi-static crack growth occurs in an
already damaged material. Especially for materials with high
strength, such as the investigated high alumina refractory products,
the amount of elastic stored energy right before the kinetic crack
propagation is considerable and lead to extensive crack propagation
(damaging) upon release. The subsequent quasi-static crack growth
occurs in a more controlled manner. This induces a more gradual and
contained progression of the damaging of the material, hence
resulting in a slower deterioration of the modulus of elasticity after
the first thermal shock cycle.

Test pieces from andalusite bricks behaved in a similar way, but
displayed a much smaller deterioration of their modulus of elasticity
after the first thermal shock cycle. Mainly due to the lower strength
of the andalusite bricks, the amount of stored elastic energy right
before kinetic propagation is much more modest than in the two
investigated high alumina products and the resulting damaging of the
test piece is more limited. Combined with other material
characteristics, such as a low coefficient of thermal expansion, this
explains the good thermal shock resistance of the andalusite bricks
and accordingly the slow deterioration of the modulus of elasticity
with increasing thermal shocks.

Tab. 2: Modulus of elasticity after water quenching according to DIN
51068 (average values of three measurements).

Modulus of elasticity / MPa

Number of

thermal High-  Fused Silica Andalusite High Alumina

cycles Alumina bricks bricks refractory
bricks castable

0 116 18 24 157

1 27 17 11 32

3 13 17 3 16

6 9 12 6 11

10 7 12 3 3

Known for its remarkable thermal shock resistance, at least below
1000 °C, the fused silica bricks proved this by displaying a very low
deterioration of their modulus of elasticity with increasing numbers
of thermal shocks (Tab. 2 and Fig. 3). After 10 thermal cycles, the
test pieces obtained from the fused silica bricks even presented the
highest modulus of elasticity, in comparison to the three other
investigated materials, despite starting with the lowest value before
thermal cycling.
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Fig. 3: Evolution of the modulus of elasticity as a function of number
of water quenching cycles according to DIN 51068.

CONCLUSIONS

By enabling the contactless and non-destructive generation and
detection of ultrasound waves in refractory test pieces, the laser
ultrasonic technology bears great potential for a number of different
applications in materials research. Among the different potential
measurement configurations, the transit time method was
successfully implemented to assess the velocity of the ultrasound
waves within refractory cylindrical test pieces and determine their
dynamic modulus of elasticity.

The evolution of the dynamic modulus of elasticity with increasing
temperature was measured for four refractory products up to
1600 °C. While starting at very different values, the dynamic
modulus of elasticity of both high-alumina bricks and andalusite
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bricks increased up to circa 1250 °C, probably due to the closure of
microcracks and then decreased, in all likelihood, on account of the
formation of liquid and/or viscous phases. Fused silica bricks
displayed a rather stable dynamic modulus of elasticity that even
increased above 1000 °C, presumably because of the transformation
of amorphous silica into denser cristobalite. Finally, the
decomposition of hydrate phases in a high alumina cement bonded
refractory castable appeared to induce a decrease of the dynamic
modulus of elasticity up to 1000 °C, then the formation of CA2 and
CAg along with the sintering of the castable microstructure promoted
an increase of dynamic modulus of elasticity.

Measurements on test pieces that had been exposed to different
numbers of thermal shocks demonstrated that the degradation of the
modulus of elasticity as a consequence of thermal shock can be
nicely followed. High alumina products (bricks and castable)
experienced a strong degradation of their modulus of elasticity
already after one thermal shock. In comparison, andalusite bricks
displayed a much better resistance to thermal shocks as the
degradation of the modulus of elasticity was much more modest.
Finally, test pieces made from fused silica bricks were able to sustain
the thermal shocks with only minimal degradation of their modulus
of elasticity.

Changes in the microstructure of the refractory materials exposed to
different conditions, such as the decomposition of hydrate phases,
the sintering or the apparition of cracks can be identified.

All results obtained are consistent with the current knowledge about
the thermomechanical behaviour of refractory products. The new
method will be implemented to monitor in-situ the degradation of
test pieces during thermal shock cycling at high temperatures.
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