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A B S T R A C T

Variability of in-service loads justifies the broad range of microstructures in ceramic refractories used as high
temperature industrial insulation. Application of the non-destructive technique of Acoustic Emission (AE) po-
tentially provides an insight into the microstructural response to thermo-mechanical loads and enables rational
material development and application. Regarding the multitude of existing AE approaches, effectiveness of a
number of AE damage parameters was studied. The AE parameters were obtained in cyclic three-point bending
for refractory castables showing different brittleness at failure. No significant damping effects and good corre-
lation with material brittleness was seen for the parameters of event counts, b-value, and AF/RA ratio. The loads
introducing critical damage obtained from LOAD and CALM ratios of AE were in agreement with those indicated
by AF/RA ratio and event counts during unloading. In the study, the parameter of AF/RA ratio differentiating
between shear and tensile failure signals was seen as the most universal criterion.

1. Introduction

Refractories utilised as insulation in various high temperature re-
actors and furnaces [1,2] often fail due to thermo-mechanical loads [3].
Variety of service conditions and resulting loads justifies micro-
structural variation among refractories. Typical microstructure of re-
fractories features larger grains, a matrix of smaller grains, pores and
micro-cracks. In modern refractories the morphology and number of the
latter is the key parameter controlling the differences in mechanical
properties, including brittleness at failure [4,5]. Less brittle fracture is
characterised by a larger fracture process zone and a more branched
and tortuous crack path [4].

Acoustic Emission (AE) is a non-destructive technique allowing in-
situ monitoring of damage development [6]. The technique is widely
applied to research of fracture behaviour in various materials, including
metals [7], concrete [8], wood [9], rock [10], masonry [11], and to
monitor the integrity of structures [12,13]. Acoustic emissions are
elastic waves released at the moment of damage formation. Piezo-
electric sensors are used to transform high-frequency mechanical wave
signals into electric signals. Basic AE analysis correlates loading con-
ditions and number of registered transient wave signals (events). More
advanced AE analysis interprets various parameters of the registered
waveforms (Fig. 1), aiming at deeper insight into the fracture process
[14–16], including specifying the stages of the crack formation [15]

and differentiating the failure of different elements of inhomogeneous
microstructures [17]. The advanced analysis is less susceptible to errors
caused by damping and reflections of the propagating waves due to
their interaction with the material microstructure [14].

For refractories, AE has been successfully used to monitor damage
formation and growth during heat treatment [18,19], thermal shock
[20–24] and mechanical loads [21,25–29]. The basic approach of
counting AE events was sufficient to establish the temperatures of
micro-crack formation during the heat treatment [18], to compare the
intensity of damage formation during consequent thermal shocks
[21,23] and mechanical fatigue cycles [25]. It has been noted that the
direct correlation of counted AE events with microstructural damage
may be prone to misinterpretations [24,29]. Alternatively, the degree of
damage was quantified relating number of AE events during loading
and unloading cycles [26,27,29]. Algorithms analysing distributions of
AE signal frequency [19,28], amplitude [20,24], energy [19,20,28] and
duration [20,24] have registered the changes of these parameters
throughout different phases of crack formation and growth. Regarding
images of failed samples, different signal patterns were correlated with
failure of different elements of the microstructure [19,20]. However, it
has been argued that direct microstructural measurements combined
with AE are needed to prove these correlations [19]. Studies on failure
of different materials under similar loads have indicated variations in
the onset and intensity of AE activity [18,20,23,29]. The differences
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were attributed to differences in microstructure. No studies correlating
global functional properties of refractories with AE activity upon failure
are known to the authors.

This work analyses effectiveness of different AE parameters to
monitor the crack formation in refractories. Samples of four aluminium-
silicate refractory castable concretes (castables) were tested in cyclic
three-point bending where in each consecutive cycle a higher strain
load is achieved. The tested materials demonstrate wide variation of the
properties sensitive to microdamage, including brittleness at failure and
ultrasound velocity. Next to the bending tests, the brittleness is quan-
tified in wedge splitting tests [30,31]. The analysed AE parameters
include number of events, signal frequency, the parameters of LOAD
and CALM ratio [32], b-value [15,16], and AF/RA ratio [32]. These
parameters are chosen because of their frequent use for testing of civil
engineering materials of microstructures similar to those of refractories
and availability of respective guidelines (ISO 16837:2019 and ISO
16838:2019). The parameters are a means of simplifying the large
amount of transients AE waveforms registered during testing, and al-
lowing for comparison and trend analysis between test results. AE
parameters from the whole failure process and their development
throughout the loading cycles are studied. The focus points in this study
include the correlation of AE activity with flexibility at failure, potential
signal damping and determining loads introducing critical damage. The
study is expected to contribute to more rational utilisation of AE in the
analysis of refractories.

2. Materials and methods

2.1. Materials

Four commercially available castables produced by European sup-
pliers have been studied. The materials are used in various furnaces in
metals and petro-chemical industries. In the paper, the naming of the
materials is arranged according to their brittleness determined in the
wedge splitting test at room temperature. M1 is the least brittle mate-
rial. M4 is the most brittle material. Following information is given on
the materials by the suppliers. M1 is an ultra-low cement castable based
on andalusite and corundum. M2 is a phosphate-bonded castable based
on aluminium silicate, corundum and fire-clay. M3 and M4 are low
cement castables. M3 is based on aluminium silicate and corundum. M4
is based on corundum. Samples of M1 and M2 were cut from blocks pre-
fabricated and heat treated at the supplier. The heat treatment was
1450 °C/5 h and 1400 °C/5 h for M1 and M2, respectively. The heat
treatment enables a stable mineralogical composition and prevents in-
service changes of properties due to mineralogical transitions. M3 and
M4 were cast, dried and heat treated at 1200 °C for 5 h in-house.
According to the suppliers’ data sheets the maximal grain size in the
materials is 6 mm, 4mm, 6mm and 5mm for M1, M2, M3 and M4,
respectively. The chemical-physical properties of the materials obtained
in this study are discussed further in the paper.

2.2. Methods

Established measurement techniques were applied to characterise
the materials. Used sample geometries are specific for established test
procedures. The chemical and mineralogical composition was de-
termined by XRF and XRD methods. Apparent density and open por-
osity was measured by the water immersion method according to
EN993-1. The pore size distribution was measured by water impreg-
nation. The dynamic Young’s modulus was obtained at room tem-
perature by the impact excitation technique in the Resonant Frequency
Damping Analyser (RFDA). The typical sample geometry was
25× 25×120mm³. The used technique and formulas to calculate the
Young’s modulus from the out-of-plane flexure mode resonant fre-
quency are described in [33]. The average sound velocity in the ma-
terial was measured by an ultrasound test system with a wave fre-
quency of 55 kHz. Brittleness at failure was quantified at room
temperature in wedge splitting tests (WST) according to Tschegg
[30,31]. The test piece geometry was 100mm, 100mm and 70mm for
height, depth and width, respectively. A notch reduced the failed cross-
section to 65×60mm. The horizontal force was calculated from the
vertical force. The horizontal displacement was measured by an optical
dilatometer. The monotonic loading rate was 0.5 mm/min. The brit-
tleness at failure is calculated as the ratio of Gf/SIG NT, where Gf is the
fracture energy and SIG NT is the notched strength [4]. The higher ratio
indicates lower brittleness. In this paper, less brittle material will be
referred to as more flexible. The images of fracture were obtained from
unpolished surfaces using a wide area 3D measurement system.

The material testing in combination with AE data acquisition was
performed using prismatic samples with the geometry of
40× 40×150 mm3. Using samples of larger cross-section allows ob-
taining more representative set of AE data. The sample size is regarded
as suitable for the materials of maximal grain size of 4–6mm. Five
samples were tested per material. The loading was done in three-point
bending set-up (3PB) at room temperature in an electro-mechanical
testing frame with maximal load of 100 kN. The span length was
120mm. The loading rate was 0.4 mm/min. For the samples of all
materials, an identical loading scheme was used. It featured 16 cycles.
In every new loading cycle, a higher maximal displacement value was
reached. A minimal force of 5 N was maintained upon unloading. In the
final loading step, displacement was increased until the ultimate failure
of a sample. AE data was acquired using a Vallen AMSY-5 system with
four-channel ASIP-4 AE boards, AEP4 voltage preamplifiers with
230–830 kHz frequency bandwidth and 34 dB gain. Signals were re-
gistered by piezoelectric sensors with a sampling rate of 5MHz. The
noise filter threshold was set to 38.5 dB. Four 375 kHz sensors with
250–700 kHz operation frequency were installed symmetrically to the
loading piston on upper and lower sides of the sample. The exact layout
of the sensors was reported in [29].

Several AE parameters were used to quantify the damage develop-
ment in the material. Number of events represents the number of
transient wave signals (Fig. 1) where the maximal amplitude exceeded
the threshold of 38.5 dB. As multiple sensors are used, an AE event can
be either a detection of an AE source by one sensor (referred to as an AE
hit), or a detection of an AE source by multiple sensors within a limited
time interval. To avoid double counting, the latter is still referred to as
just one event. In case an event consists of multiple hits, then the signal
characteristics of the first arriving hit are used since this signal has the
shortest propagation distance and the characteristics are the least in-
fluenced by the propagation path.

LOAD and CALM ratios are based on normalisation of registered AE
events [32]. The ratios allow defining loads introducing critical damage
[29,32,34]. The damage is supposed to be minor if none of the ratios
indicate critical condition. The damage is intermediate if one of the two
parameters becomes critical. If both criteria are critical, then the da-
mage is referred to as heavy. The meaning and application of these
parameters in the analysis of refractories are discussed in greater detail

Fig. 1. Transient AE signal (AE hit) and its parameters.
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elsewhere [26,29]. LOAD ratio is the ratio between the load at the onset
of the AE activity during current loading cycle to the maximal load
reached at the previous loading cycle. It differentiates between Kaiser
and Felicity effects [6]. In this study, to calculate the LOAD ratio, the
onset of AE activity was set as the moment when the cumulative
amount of events in the current cycle exceeds 20. There is no consensus
in literature regarding the definition of the effective onset of AE activity
in cyclic tests. RILEM guidelines from TC212-ACD recommend to
identify the onset of AE activity when more than 10 counts over the
threshold are continuously observed under loading, but does not specify
what should be understood under “continuously” and the observation
of counts might be influenced by the chosen threshold. Therefore, a
method that is adapted from this recommendation and was found to be
efficient in previous research [29] has been used in the current study.
The peak load preceding the loading when the critical condition was
established, is considered as the critical load. CALM ratio relates the
amount of AE events registered during unloading to the AE events for
the whole loading-unloading cycle. CALM ratio was calculated only for
loading cycles where during the unloading phase more than 20 events
were registered. The limits for the critical material conditions, estab-
lished from three-point bending tests on concrete beams, is< 0.9 for
LOAD ratio and>0.05 for CALM ratio [8,32].

The parameter of b-value represents the distribution of maximal
amplitudes (later called amplitude). During loading, a reduction of the
b-value indicates the onset of failure [15]. To obtain the b-value, am-
plitude data in the range 40–85 dB was grouped according to magni-
tude with steps of 5 dB. By regarding the number of events with a given
amplitude value in each group, a distribution is obtained. The b-value is
calculated from the exponent (A) of the trend obtained for the groups
with a mean amplitude value between 42.5 dB and 82.5 dB as b =
−20*A [15]. On some instances, when individual cycles were analysed,
the groups in the higher amplitude end of the range featured very few
cycles. In these cases the analysis range was reduced; only the groups
featuring more than 10 events were considered.

Average Frequency (AF) was calculated as the number of counts
divided by the hit duration (Fig. 1). Mean AF and its standard deviation
for given time intervals (e.g. loading phase of one cycle) were com-
pared. The AF/RA ratio compares the Average Frequency and the
parameter RA [32]. The latter is the ratio of the rise time and the
amplitude (Fig. 1). In this case, the unit of amplitude is Volt. The
translation between the units of decibel (UdB) and Volt (UV) was done
using the following formula:

UdB= 20*LOG(UV/1*10−6) (1)

where UdB and UV are the amplitude in dB and V, respectively. The
signals with AF/RA higher and lower than 0.1 are expected to originate
from tensile and shear failure, respectively [32].

3. Results

3.1. Material properties and mechanical behaviour

Chemical and physical compositions demonstrate some variation
(Table 1). In Table 1 the values shown as +/−xx% are coefficients of
variation. The amounts of alumina in the materials M1, M2 and M3
varies between 63.5% and 83.6%. Alumina is present in form of cor-
undum, mullite and andalusite. M4 consists mainly of corundum. The
porosity of M2 is much higher than in other materials. Porosity in M1
and M3 is similar and somewhat higher than in M4. Ultrasound velocity
and dynamic Young’s modulus measured at room temperature show
gradual increase in the order M2, M1, M3, M4. As seen in Table 1 and
Fig. 2, those parameters show direct correlation with the strength in
three-point bending (see “Strength 3PB” in Table 1) and the notched
strength SIG NT obtained in wedge splitting tests (WST). Roughly the
strength, the ultrasound velocity and dynamic Young’s modulus can be

inversely correlated with open porosity. Such correlation does not apply
to the brittleness, which increases in the order M1, M2, M3, M4, in-
dicating that the most porous material has the lowest ultrasound ve-
locity but it is not the most flexible (least brittle) material.

The loading curves demonstrate that materials of higher brittleness
fail in a sudden manner (Fig. 3). In less brittle materials, gradual re-
duction of the load bearing capacity (strain softening) is seen. In WST,
no strain softening was seen in M4. In three-point bending, M4 and also
M3 failed without strain softening. The strength in WST is 40 to 10%
lower than the strength in three-point bending. The difference is
smaller in more brittle materials. The strain at failure, which is strain at
maximal stress, is higher in materials of lower brittleness. Regarding
the shape of the stress-strain curves obtained in three-point bending,
one can note an apparent overlapping of the loading and unloading
phases of consecutive cycles for M3 and M4 (Fig. 3). In M1 and M2, the
cycles of lower intensity also seem to overlap. For cycles of higher
loads, one can see the build-up of irreversible displacements upon un-
loading. The build-up increases with progressive cycles.

Typical crack trajectories (Fig. 4) demonstrate tortuous paths for all
materials apart from M4. In M4, the crack path is rather straight, only a
limited number of zig-zags are seen. The cracks in other materials have
approximately similar shapes but differs in details. In M1, a tendency
for a crack to avoid crossing the larger grains and going around them is
seen. In M2, the crack occasionally branches. M3 shows trans-granular
fracture as the crack crosses larger grains.

3.2. AE data analysis

The following sections present analysis results for different AE
parameters. Both parameters obtained for the whole loading program
and for the phases of loading and unloading of specific cycles are
shown. Apart from the event counts, all AE parameters for the whole
test were obtained from the combined data formed when the results
from all samples of one material are added together. The AE parameters
per cycle are shown per sample and in relation to the maximal load
reached in the cycle. The load (applied displacement) is indicated as
percentage of the displacement at which maximal force was measured
in the given sample. This is referred to as either the “failure of the
sample” or the displacement at failure (DTF) – see e.g. Fig. 5.

3.2.1. Event counting
For the whole loading program, following average event numbers

were registered 49893+/-14%, 32503+/-12%, 2424+/-25% and
2205+/-28% for M1, M2, M3 and M4, respectively. The +/−xx%
indicates the coefficient of variation. First AE activity is registered
during cycles where the maximal displacement load was 20–50%
(Fig. 5). The onset of the activity in more flexible materials seem to
happen at lower relative loads than in more brittle materials. Near
100% in many samples, the number of events during the loading phases
drops. During post-peak cycles, moderate increase of AE events per
cycle continued for M1. For M2, event activity during strain softening
was lower than in the cycles preceding the peak force.

Events captured during the unloading phases of the cycles are as a
rule fewer than those registered during the loading phase (Fig. 5). With
some subjectivity, the onset of AE activity during unloading can be
estimated as 30–40% and 50–60% for M1 and M2, respectively. For M3
and M4 it is some 90%. These loads are significantly higher than those
initiating AE activity during loading. In post-peak unloading cycles, the
amount of AE events per cycle decreases.

3.2.2. LOAD and CALM ratio
Critical loads were obtained by LOAD and CALM ratios (Fig. 6). For

both ratios, the coefficient of variation is some 15–25%. For M1, in
average, both ratios become critical between 30 and 40% (Fig. 6a). For
M2, the spread between average LOAD and CALM ratio is rather high.
The material is expected to develop intermediate damage when the
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CALM ratio becomes critical at 46%. The major damage is introduced
by loads above 65% when LOAD ratio becomes critical. In M3, the

intermediate and major damage is to develop at loads of 86 and 100%
respectively. The limit of 100% is set regarding the fact that the LOAD
ratio was still not critical after the cycle preceding the sudden failure at
100%. During the loading at which 100% was reached, the activation of
AE events was at loads higher than those reached during the previous
cycle. In M4, both ratios become critical at loads just below 90%.

There is a power law correlation of the brittleness and the loads
causing critical damage in the materials (Fig. 6a). The materials M2 and
M3, where the difference between CALM and LOAD ratio is large, be-
come critical first for CALM ratio, meaning that the horizontal line is
crossed before the vertical one in Fig. 6b. In this study, the spread
between CALM and LOAD ratio and the order at which the ratios be-
come critical does not correlate to any of the physical properties of
Table 1.

3.2.3. Average frequency (AF)
The distribution of the parameter AF of the signals registered for the

whole loading program does not show significant difference between
the materials. The registered average frequencies span the range of
thousands of kHz. The maximum in the distributions is observed in the
range 100–330 kHz (Fig. 7). In this specific range, the events are most
frequent for all materials in the sub-range 100–150 kHz.

Mean values of AF and its standard deviation calculated for signals
registered during a specific cycle phase change according to complex
trends (Fig. 8). On one hand, for M1 and M2, the mean values gradually
decrease throughout the loading. However, in M2, two out of five
samples show a sudden jump of the mean values that is followed by a
reduction comparable with that seen in the other three samples. On the
other hand, for M3 and M4, the mean values increase with the pro-
gressive loading. Slight reduction is seen only before the onset of
failure. The standard deviation of average frequency for all materials
for cycles below 100% increases with increasing loads. Above 100%,
the standard deviation shows some reduction and stabilisation for M1
and M2.

3.2.4. b-value
For the whole loading data, the amplitude distribution in the range

Table 1
Key material properties at room temperature.

M1 M2 M3 M4

Chemical composition, %
SiO2 15.1 20.4 30.7 0.0
Al2O3 83.6 71.3 63.5 98.0
CaO 0.6 0.3 2.0 1.4
TiO2 0.1 1.7 2.2 0.0
Fe2O3 0.3 1.2 1.5 0.0
P2O5 0.0 3.7 0.2 0.0
Alkalies 0.3 0.8 0.3 0.3
Mineralogical composition, %
Corundum 59.0 39.5 20.6 –
Mullite 37.4 41.0 57.3 –
Andalusite 0.3 12.0 3.2 –
Crystobalite 0.3 4.0 1.8 –
Aluminum titanate 0.4 1.4 0.3 –
Calcium aluminate 0.7 0.6 1.4 –
Amorphous 0.0 0.5 13.4 –
Bulk density, kg/m³ 2736 2156 2470 3220
Apparent porosity (AP), %
Total 19 29 19 16
Diameter < 100 μm 16 28 18 15
Diameter < 30 μm 15 21 17 15
Diameter < 0.6 μm 5 1 8 9
Ultrasound velocity, m/s 2856+/−3% 2385+/−9% 4712+/−1% 6479+/−3%
Dynamic Young’s modulus (E), GPa 16.7+/−8% 9.5+/−15% 46.4+/−3% 123.0+/−4%
Notched strength WST (SIG NT), MPa 4.5+/−20% 2.4+/−6% 10.6+/−1% 20.0+/−1%
Brittleness WST (Gf/SIG NT), mm²/m 36.5+/−20% 16.2+/−1% 8.2+/−28% 4.3+/−3%
Strength 3PB, MPa 6.3+/−9% 4.2+/−12% 15.7+/−7% 22.9+/−5%
Strain at failure 3PB, % 0.23+/−16% 0.22+/−17% 0.15+/−4% 0.11+/−17%

Fig. 2. Overview of the material properties, SIG NT – notched strength in WST,
AP – apparent porosity, E – dynamic Young’s modulus, Gf/SIG NT – brittleness.

Fig. 3. Representative results of three-point bending and wedge splitting tests
(shown as an insert).
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Fig. 4. Typical crack propagation in samples failed in three-point bending (a) M1, (b) M2, (c) M3, and (d) M4. The arrows mark the areas of interest.

Fig. 5. Events per cycle for loading (lines) and unloading (markers) phases of progressive cycles for all samples of (a) M1, (b) M2, (c) M3 and (d) M4.
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40-85 dB fits well with the exponential trend (Fig. 9). The goodness of
fit is 0.97 for M2 and 0.99 for all other materials. The exponents of the
fit (A) vary between -0.242 and -0.159. Overall b-values are 4.84, 4.04,
3.70 and 3.18 for M1, M2, M3, and M4, respectively. It means that in
more flexible, thus less brittle materials, relatively more low than high
amplitude events are registered. E.g., for M1 and M4, the difference in
events in the range 45-50 dB is some 100 times (Fig. 9). In the range 80-
85 dB, this difference is only some 10 times. For M1 and M2, the am-
plitude distribution accounts for cycles before and after peak load,
while for M3 and M4 only cycles before the sudden failure are taken
into account. To exclude the effects of the strain softening, the ampli-
tude distribution for pre-peak cycles alone was calculated for M1 and
M2. The resulting b-values and goodness of fit were b=4.94,
R2= 0.99 and b=3.82, R2= 0.98 for M1 and M2, respectively. The
order of the increasing b-value with the increasing flexibility is still
valid.

Fig. 6. Damage development determined by CALM and LOAD ratios (a) correlation of loads producing critical ratios and material flexibility, (b) typical results –
numbers next to the points indicate the load reached in the cycle as % to DTF. In (b) I indicates the quadrant of low damage, II and III are intermediate damage, and
IV is heavy damage.

Fig. 7. Distribution of average frequency (AF) for the whole loading program.

Fig. 8. Mean AF of signals per loading (lines) and unloading (markers) phases of the cycles and the standard deviation of AF for the loading phase of the cycle (dashed
lines).
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For cycle specific b-values, the effect of increasing loads is not quite
clear (Fig. 10). To illustrate the trends, only the graphs for M1 and M4
are shown. The b-values and their fluctuation tend to be higher for
lower loads. In M1 and M2, b-values for loading phases of cycles with
magnitude below 100% are as a rule higher than those for loads above
100%. For unloading phases, sufficient data was obtained only for M1
and M2. In M1, the b-value of the unloading phase started increasing
when loading exceeded some 75%. For loads above 100%, the b-value
during unloading was systematically higher than during loading. In M2,
b-values during the loading and unloading are in the same bandwidth.

3.2.5. AF/RA ratio
Regarding the components of the AF/RA ratio for the whole loading

program, more significant presence of signals with high RA and low AF
is seen in materials M1 and M2 (Fig. 11a). For the limit between shear
and tensile failure of AF/RA=0.1, the amount of signals due to the
shear failure, with AF/RA < 0.1, varies between 3 and 12%. It in-
creases in the order M3, M4, M2, and M1. The parameters for M3 and
M4 are rather similar to each other. When only signals for the time until
reaching the maximal force are considered (marked as “before failure”
in Fig. 11b), the amount of shear failure data decreases from 12 to 9%
and from 9 to 5% for M1 and M2, respectively. In this case, M1 and M2
still have highest and second highest percentage of shear crack signals.

The distributions per cycle show high fluctuation during low in-
tensity cycles (Fig. 12). With progressive loading, the spread decreases.
Before the point of failure, the percentage of tensile signals reduces.
Two indicators were obtained from the trends of AF/RA ratio of loading
phases, namely the cycle after which the percentage of AF/RA > 0.1
showed consistent reduction (AF/RA-Cr) and the share of tensile signals
for the cycle when 100% load was seen (AF/RA-100). Those indicators

are marked in Fig. 12. The average values of the indicator AF/RA-Cr are
37.4%, 55.2%, 83.4%, and 84.0% for M1, M2, M3, and M4, respec-
tively. Respective coefficients of variation are 21.4%, 29.3%, 7.2%, and
13.1%. Both indicators show certain correlation with the flexibility. In
Fig. 6a, the relation between AF/RA-Cr and flexibility is presented. For
cycles of displacements higher than 100%, the share of tensile failure is
relatively constant and lower than in cycles preceding the failure
(Fig. 12). For unloading phases, sufficient data is available only for M1
and M2. The trend for the unloading matches the loading phase trend.

4. Discussion

Material microstructure determines the crack propagation and
controls the brittleness. Apart from micro-cracks, the brittleness at
failure can be influenced by the porosity and the grain distribution and
cohesion [35]. All these microstructural features are important for the
damping of elastic waves. In this way, investigating materials of dif-
ferent brittleness allows surveying the applicability of AE criteria to
compare materials of different mechanical behaviour. It also provides
an insight into the effects of damping on such comparison.

For M1, M3 and M4, the differences in material properties can be
explained by different minerology. For M4, high brittleness and high
wave propagation velocity is due to homogeneous mineralogical com-
position of the grains. Corundum grains do not have any thermal ex-
pansion mismatch, which could have enabled micro-crack formation
during the heat treatment. Another possible mechanism when micro-
cracks appear due to different sintering activity of smaller and larger
grains does not seem to play significant role either. High strength and
Young’s modulus indicate high cohesion (sintering) between the grains
in M4. Both M3 and M1 feature grains of different mineralogical
composition. This leads to micro-cracking during heat treatment, re-
sulting in tortuous crack paths and lower brittleness. In M3, presence of
amorphous phase is believed to promote the brittleness (Table 1). The
porosity in M1, M3 and M4 is rather similar and does effect the dif-
ferences between these materials. For M2 the porosity is some 10%
higher than for the other materials. Its effects can explain the fact that
M2 has the lowest ultrasound velocity and Young’s modulus, but its
brittleness is higher than in M1.

In our data for the whole loading program, the brittleness, or op-
posite, the flexibility at failure correlates well with such AE parameters
as total number of events, b-value and AF/RA ratio. The ranking is
rather robust as it does not change with the removal of data for the
strain softening interval. However, the obtained AE parameters should
not be seen as material properties, as apart from the microstructure
their values are influenced by the test set-up. Even if they were obtained
from monotonic loading, and effects of unloading cycles (e.g. number,
sequence) were eliminated, their values could still be influenced by the
brittleness at failure in different test set-ups. For example, the indicators
obtained in three-point bending, wedge splitting test and pure tension

Fig. 9. Distribution of amplitudes for the whole test, the insert compares the
exponential fits in semi-logarithmic coordinates if their beginning coincides.
The goodness of fit of the exponential trend is marked as R2.

Fig. 10. b-value of signals per loading (lines) and unloading (markers) phases of the cycles for (a) M1 and (b) M4.
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failure could be rather different in absolute values. Nevertheless, the
analysis of the parameters for the whole failure process is still useful in
terms of comparing AE response in materials of different micro-struc-
tures. Furthermore, AE parameters of energy, ringdown-count and
amplitude are not explicitly addressed in this paper, as these char-
acteristics are prone to be influenced by the test setup, propagation
path and sensor type, while the cumulative AE energy showed a similar
trend to AE event counting. Therefore, it was opted to include these
data in more comparative analysis methods, such as AF/RA ratio and b-
value.

In general, a forming micro-crack is believed to produce many
events of smaller amplitudes. In case of macro-crack formation, the
number of events is less, but the amplitude of the signal is higher [15].
This agrees with our results where more brittle materials, where less
extensive fracture process is expected, have lower total event count.
However, the parameter of event counts should be effective only for

well-defined crack formation in samples of similar geometry. The
parameter can be misleading in analysis of complex failure. So, dis-
tributed micro-crack activity at several locations can be mixed up with
a larger localised damage zone. In this respect the parameter of b-value
is more effective as it accounts both for the number of events and their
amplitude. Higher b-value was observed in less brittle materials, de-
monstrating greater amount of low amplitude events of micro-crack
formation occurring in these materials per one high amplitude event.
The latter could be the brittle inter-granular crack or larger crack
growth. The parameter of AF/RA accounts for even greater amount of
signal properties, including rise time and frequency. It can be argued
that the shear failure, detected by AF/RA parameter, is related to
greater amount of friction between different elements of the micro-
structure. As a more tortuous crack path results in less brittle failure,
higher friction and shear cracking could be expected in less brittle
materials. For instance, friction may occur at sliding contact between

Fig. 11. Data for the whole failure process representing (a) distribution of AF and RA ratio for individual signals and (b) cumulative distribution of AF/RA ratio.

Fig. 12. Percentage of tensile signals (AF/RA > 0.1) for loading phases of cycles (a) M1, (b) M2, (c) M3, (d) M4. The arrows and the value show the indicators AF/
RA-Cr and AF/RA-100.
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sides of a crack. It can take place both during loading and unloading
phase of the cycle. In M1, the greater share of shear signals indicated by
AF/RA can result from the tortuous crack trajectory (Fig. 4). In M2, this
effect can be due to the branching crack path. Reduced shear activity in
M3 and M4 may result from tendency of trans-granular cracking and
the smoother fracture surface, respectively.

The data obtained from individual cycles characterises the damage
growth. Increasing AE events with increasing loads is associated with
more advanced crack forming activity. The fact that in post-peak cycles
the event activity is less intensive or, as it was seen for unloading
phases, is reducing can be explained by diminishing material resistance
to crack propagation, and higher attenuation of AE signals due to the
already formed macro-cracks. The diminishing material resistance can
result from reducing surface of uncracked material and less friction in
the fracture process zone. The critical damage quantified by LOAD and
CALM ratios is associated with limit loads introducing new micro-crack
formation [26]. The determined limits are seen to roughly agree with
the onset of significant AE activity during unloading phases (Fig. 5).
The onset of AE during loading phases underestimates the damage
limits. The fact that critical loads are lower in the less brittle materials
is expected due to activation of existing micro-cracks [26,29] expected
to be present in abundance in these materials. The build-up of irre-
versible strains upon unloading is another possible indicator of the new
damage formation [26]. Earlier and more intensive build-up of irre-
versible stains in M1 and M2 than in M3 and M4 (Fig. 3) supports AE
results demonstrating earlier damage development in more flexible
materials.

The sequence at which CALM and LOAD ratios become critical may
be representative for the failure process [32]. Earlier, it was seen that
more brittle silica brick becomes first critical for LOAD ratio. The less
brittle silica castable first became critical for CALM ratio [29]. The
reason why comparable influence of brittleness was not observed in this
study (Fig. 6) may lie in decisive role of the type of material. Only
castables were analysed in this study. For all the castables the pre-
ference was for CALM ratio to become critical first, or at similar loads as
LOAD ratio. The microstructural differences related to the production
process influence the microstructure and potentially effect the AE ac-
tivity. The effects may overlap with the microstructural effects de-
termining the brittleness.

The average frequency trends of individual cycles show certain
sensitivity of this parameter to crack development and growth [28].
Despite the complex nature of the trends, a reduction of mean AF and
increase of its standard deviation was indicative of the approaching
failure (Fig. 8). However, the determination of the AE trends and cri-
tical load limits from signal frequency is not straightforward. Utilisation
of the frequency characteristics of the signal after conversion from the
time to the frequency domain (e.g. centroid frequency) as a damage
parameter is complicated by the fact that this waveform characteristic
is influenced by the transfer function, which depends on the source
type, propagation path (material, coupling), sensor type and acquisition
system.

Major fluctuations of AE parameters such as frequency, b-value and
AF/RA ratio were seen for low intensity loads. Potential explanation is
the small number of AE events for the low intensity cycles. As a result,
AE activity for these cycles can be seen as not statistically re-
presentative. This problem may also affect the results for b-values of
higher intensity cycles in low brittleness materials.

Despite the fluctuations in low intensity cycles mentioned above,
the AF/RA ratio proved to be rather robust as an indicator of the da-
mage development. The more flexible materials (M1 and M2) show
consistently more shear-related AE signals than the brittle materials
(M3 and M4). The indicator AF/RA-Cr correlates well with critical load
values determined by CALM and LOAD ratios (Fig. 6a). The continuous
reduction of the share of AE signals indicating tensile fracture, upon
which the parameter is based, is related to the progressive development
of shear, and relative reduction of mode-I tensile fracture, in the micro-

cracks being opened. The indicator AF/RA-100 (Fig. 12) correlates with
the portion of AE signals indicating shear cracks for the whole failure
data (Fig. 11b). For both indicators, the more brittle M4 material has
slightly higher average percentage of shear-related AE signals than less
brittle M3. This was not seen in AF/RA-Cr. Exact explanation for this
phenomenon is unclear, but might be due to the spread of data.

Damping reduces the amount of registered events, and modifies the
received signal. The damping is most prominent in materials of lower
ultrasound velocity and lower brittleness. In our case, the effects of
damping could be controlled by comparing the material properties,
such as brittleness, and parameters of AE signals. Although the high
porosity of M2 affected the ultrasound velocity and dynamic Young’s
modulus, a consistent relation between AE parameters and brittleness
was observed in terms of ordering the materials from most flexible to
most brittle. Thus it can be concluded that no significant effects of
damping were seen in our data. However, for specific refractories of
even lower ultrasound velocities, and respectively featuring greater
amount of original micro-damage, damping did influence AE analysis as
reported in literature [29].

5. Conclusion

Good correlation was seen between the brittleness of the materials
and the AE parameters of event counts, b-value and AF/RA ratio re-
presentative for the whole loading program. No significant damping
effects were seen for the range of the microstructures studied in this
paper.

Loads introducing critical damage could be determined by CALM
and LOAD ratios. Less brittle materials were seen to develop critical
damage at lower relative loads. The critical load limits agreed well with
the onset of AE activity (counts of events) during unloading phases of
the cycles. The counting of AE events of the loading phases, especially
for less brittle materials, were underestimating the loads causing de-
velopment of the critical damage.

The ratio of AF/RA was found to be the most universal indicator in
this study. It shows both good correlation for global parameters and
allows indicating load limits introducing critical damage. The latter was
achieved by proposing an indicator AF/RA-Cr representing the load in
the cyclic loading program after which the fraction of AE signals with a
tensile fracture mode signature (AF/RA > 0.1) was progressively re-
ducing with increasing cycles. The universality of the parameter is ex-
plained by the fact that it relates several important parameters of AE
data, including event counts, amplitude, rise time, frequency.

Further work should concentrate on studying the effects of different
configuration of the test set-up on AE response and correlating the AE
response with in-situ monitored damage specific for different elements
of the microstructure.
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