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1 Introduction
The impulse excitation technique (IET) is 
a standardized [1] and widespread method 
that submits the specimen under test to 
minute strains for the nondestructive eval-
uation of dynamic elastic moduli at room, 
cryogenic and high temperatures. The IET 
is more practical and accurate than static 
techniques [2], particularly for brittle ma-
terials with rough microstructures, such  
as refractory materials. In addition, the IET 

is easily applicable to a broad range of 
sample geometries and dimensions for 
 research and industrial quality-control 
purposes. 
The latest generation of IET systems – such 
as the Sonelastic® Solutions (ATCP Physical 
Engineering, Brazil), Buzz-o-sonic (Buzz-
Mac, USA) and RFDA (IMCE, Belgium) – 
take advantage of the advances in personal 
computers to incorporate simultaneous 
damping measurements using the logarith-
mic-decay and bandwidth methods [3]. 
This advancement has allowed researchers 
who work with ceramic materials to use the 
sensitivity of damping to enhance the evalu-
ation of thermal shock damage and to de-
tect events not easily detectable when only 
the elastic moduli are monitored [4]. How-
ever, damping characterizations performed 
using the IET are not standardized or as well 

established as the elastic moduli. Further-
more, reports of the occurrence of nonline-
ar elasticity in rocks and concrete have ap-
peared in the literature [5–6]. Rocks and 
concrete have microstructures similar to 
those of refractory castables; nonlinear elas-
ticity has already been observed in the 
damping characterization of refractory 
castables, as we have briefly reported else-
where [7].
The manifestation of nonlinear elasticity 
comprises, among other indicators, shifts in 
the dynamic elastic moduli and in the 
damping in dependence of the specimen’s 
vibration amplitude [8]; the vibration am-
plitude, in turn, depends on the impulse ex-
citation intensity applied by the IET appara-
tus. These shifts can lead to errors related to 
the impulse intensity randomness, particu-
larly when manual excitation is applied and 

different instruments are used. These facts 
raise concerns about the reliability of the 
IET when applied to materials with the po-
tential to exhibit nonlinear elasticity; the list 
of such materials includes refractory mate-
rials in general. 
Nonlinear elasticity can be classified as 
atomic or structural, depending on the ma-
jor nonlinear component. When the struc-
tural nonlinear component is involved, it ex-
hibits a significantly stronger effect than the 
atomic component and is associated with 
the presence of grains or aggregates that 
have been consolidated by a mesoscopic 
bond system which contains cracks, friction-
al contacts and microstructural defects [8]. 
These defects act as on/off switch elements 
that exhibit hysteretic behaviour, and the 
state of these defects depends on the instan-
taneous and past stress and strain imposed 
on the material [9–10]. The presence of 
these switching elements results in the mate-
rial becoming softer and dissipating more 
energy when the amplitude of vibration in-
creases. Refractory materials exhibit the typ-
ical microstructural characteristics for the 
occurrence of structural nonlinear elasticity 
phenomena, especially when damaged.
The published standards and related litera-
ture [2] contain no discussions about the in-
fluence of the impulse excitation intensity as 
a relevant parameter for the characteriza-
tion accuracy of materials due to potential 
interference from nonlinear effects. 
The objective of this work was to investigate 
the influence of the impulse excitation in-
tensity on the accuracy of the IET results 
with respect to the dynamic Young’s modu-
lus and damping characterizations of three 
high-alumina refractory materials that were 
progressively damaged by thermal shock 
(water quenching). This work also aimed to 
quantify this nonlinearity so that this phe-
nomenon can be used in the future to ad-

This work quantifies the influence of nonlinear elasticity on the accuracy of the thermal shock damage evaluation of high-
alumina refractory castables based on dynamic Young’s modulus and damping characterization data obtained via the impulse 
excitation technique (IET).The nonlinear elasticity leads to shifts in the Young’s modulus and damping values in dependence of 
the impulse intensity. 
An IET apparatus was employed according to the ASTM E1876-07 standard; the method was improved by nonlinear analysis 
based on the excitation control. Two arbitrary coefficients were defined to evaluate the nonlinearity with respect to the im-
pulse intensity. Three high-alumina refractory castables were submitted to progressive thermal shock damage and evaluated.
The results show that the influence of nonlinear elasticity on the Young’s modulus is significant and that nonlinear elasticity 
is a determining factor for the accuracy of the damping characterization (up to -0.93 % and +114 %, respectively, depending 
on the damage level). 
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established as the elastic moduli. Further-
more, reports of the occurrence of nonline-
ar elasticity in rocks and concrete have ap-
peared in the literature [5–6]. Rocks and 
concrete have microstructures similar to 
those of refractory castables; nonlinear elas-
ticity has already been observed in the 
damping characterization of refractory 
castables, as we have briefly reported else-
where [7].
The manifestation of nonlinear elasticity 
comprises, among other indicators, shifts in 
the dynamic elastic moduli and in the 
damping in dependence of the specimen’s 
vibration amplitude [8]; the vibration am-
plitude, in turn, depends on the impulse ex-
citation intensity applied by the IET appara-
tus. These shifts can lead to errors related to 
the impulse intensity randomness, particu-
larly when manual excitation is applied and 

different instruments are used. These facts 
raise concerns about the reliability of the 
IET when applied to materials with the po-
tential to exhibit nonlinear elasticity; the list 
of such materials includes refractory mate-
rials in general. 
Nonlinear elasticity can be classified as 
atomic or structural, depending on the ma-
jor nonlinear component. When the struc-
tural nonlinear component is involved, it ex-
hibits a significantly stronger effect than the 
atomic component and is associated with 
the presence of grains or aggregates that 
have been consolidated by a mesoscopic 
bond system which contains cracks, friction-
al contacts and microstructural defects [8]. 
These defects act as on/off switch elements 
that exhibit hysteretic behaviour, and the 
state of these defects depends on the instan-
taneous and past stress and strain imposed 
on the material [9–10]. The presence of 
these switching elements results in the mate-
rial becoming softer and dissipating more 
energy when the amplitude of vibration in-
creases. Refractory materials exhibit the typ-
ical microstructural characteristics for the 
occurrence of structural nonlinear elasticity 
phenomena, especially when damaged.
The published standards and related litera-
ture [2] contain no discussions about the in-
fluence of the impulse excitation intensity as 
a relevant parameter for the characteriza-
tion accuracy of materials due to potential 
interference from nonlinear effects. 
The objective of this work was to investigate 
the influence of the impulse excitation in-
tensity on the accuracy of the IET results 
with respect to the dynamic Young’s modu-
lus and damping characterizations of three 
high-alumina refractory materials that were 
progressively damaged by thermal shock 
(water quenching). This work also aimed to 
quantify this nonlinearity so that this phe-
nomenon can be used in the future to ad-

vance the understanding and monitoring of 
thermal shock damage. The characteriza-
tion of nonlinear elastic behaviour is already 
used to evaluate damaged concrete [6].
Regarding the materials used here, two of 
the investigated refractory castables were 
prepared with electrofused alumina aggre-
gates with a maximum size of 2 or 8 mm. 
The third castable was prepared with tabular 
alumina aggregates with a maximum size of 
3 mm.

2 Experimental
2.1 The impulse excitation technique
In this technique, a specimen subjected to 
proper mechanical boundary conditions 
in accordance with the expected mode of 
vibration is excited by a short and light 
mechanical impulse. The acoustic re-
sponse is sensed by a microphone and 
processed according to the frequency and 
attenuation rate detection. For bars with 
square cross-sections excited at the flexu-
ral mode of vibration, the Young’s mod-
ulus (Y) is calculated using the Piquet 
equation [1, 11]:

Y = 0.94642 
pl4 

f 2T (1)
 t2

The parameter f is the flexural frequency, t is 
the specimen thickness perpendicular to the 
vibration direction, l is the specimen length, 
p is the density and T is a geometrical cor-
rection factor that depends on the aspect ra-
tio of the specimen and the Poisson’s ratio. 
The shear modulus (G) is calculated in a 
similar manner from the torsional frequen-
cy. The Poisson’s ratio (v) is calculated by 
the relation v = [(Y / 2G) − 1] with an inter-
active algorithm, which also improves the Y 
and G precision. The damping () is com-
monly calculated using the logarithmic 
 decrement method [3]:

 =  d (2)	 ω

The parameter δ is the angular coefficient of 
the specimen’s acoustic response attenua-
tion on a logarithmic scale, and ω is the an-
gular frequency. The bandwidth method is 
also applied to high-damping materials. 
 Advanced signal processing is applied to 
permit proper signal conditioning and 
curve fitting. 

2.2 IET apparatus with controlled impulse
The Sonelastic® PC-based apparatus (ATCP 
Physical Engineering, Brazil) was employed 
with voltage-controlled impulse excitation. 
The control of the impulse is performed by 
changing the amplitude of a square voltage 
pulse applied by the apparatus’s electronics 
to drive an electromagnetic impulser. The 
vertical cross section of the impulse device’s 
main parts is shown in Fig. 1. 
The electromagnetic impulser is located 
5 mm from the specimen surface. The use-
ful range of the adjustable drive voltage is 
from 7.8 to 9.2 V. A voltage less than 7.8 V 
is insufficient to induce the impulser ac-
tion, and a voltage greater than 9.2 V caus-
es double hitting. Figure 2 presents the 
micro phone signal peak-to-peak ampli-
tude that corresponds to the acoustic re-
sponse of a dense alumina ceramic bar as a 
function of the electromagnetic impulser 
drive voltage [7]. Five acquisitions were 
performed at each voltage. The error bars 
correspond to the standard deviation, and 
the line corresponds to a polynomial first-
order fitting. 
If the dense alumina specimen and the mi-
crophone are linear, a direct correlation ex-
ists between the impulse intensity and  
the electromagnetic impulser drive voltage, 
although the absolute amplitude of the 
 vibration is undetermined.
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Fig. 1 • Cross section 

of the apparatus’s  

main parts arranged to 

 excite at the specimen’s 

flexural mode; A: Speci-

men, B: Microphone,  

C: Wire, D: Plunger tip.  

E: Electromagnetic coil 

1

Fig. 2 • Acoustic 

 response peak-to-peak 

amplitude of a dense 

alumina ceramic as a 

function of the electro-

magnetic impulser 

 driving voltage
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2.3 Nonlinear coefficients
Two arbitrary coefficients were defined to 
quantify the influence of the nonlinear 
elasticity on the accuracy of the IET results. 
The a-coefficient describes the ratio be-
tween the percentage shift in the Young’s 
modulus and the change in the impulser 
driving voltage:

a = Y
 (3)	 V

The b-coefficient serves the same purpose 
with respect to the damping shift:

b = 
 (4)	 V

where Y is the percentage change in the 
Young’s modulus, ξ is the percentage 
change in the damping ξ and V is the 
change in the impulser driving voltage.  
The nonlinear coefficients are determined 
after a curve fitting over five measurements 
performed along the useful range of the 
 impulser driving voltage (7.8–9.2 V) and 
equally spaced at 0.25 V. The reference val-
ues for the calculations are the values that 
correspond to the lowest driving level.

2.4 Materials and thermal shocks
Three high-alumina castables were studied. 
Two of the castables were prepared with 
white electrofused aggregates (from Rio 
Tinto Alcan, Elfusa, Almatis and Alcoa) with 
a maximum size of 2 mm (named A2) and  
8 mm (named A8); both of these castables 
obey the Andreasen packing model with a 
distribution coefficient of 0.26. A third 
castable was prepared with tabular alumina 
aggregates (Rio Tinto Alcan) with a maxi-
mum size of 3 mm (named AT) that obeys 
the Andreasen packing model with a coeffi-
cient of 0.245. The cement of calcium alu-
minates, CA-Cement (Secar 71, Kerneos), 
and aggregate content of the materials is 
shown in Table 1. Citric acid and defloccu-
lant (FS 40, BASF) were used as additives. 
Twenty-four prismatic bars of each ma- 
terial were prepared with dimensions of 
25×25×150 mm.
After the A2 and A8 specimens were mould-
ed, cured for 48 h in a humid environment 
and dried at 120 °C for 24 h, the specimens 

were sintered at 1,450 °C for 10 h at a   
heating rate of 3 °C/min. The AT was sin-
tered at 1,500 °C for 6 h at a heating rate of 
2 °C/min. After being fired, the specimens’ 
top surface was ground to improve the 
 parallelism and the accuracy of the elastic 
moduli characterization.
Thermal shocks were applied using water 
quenching. The specimen was first heated 
from room temperature to the desired 
 temperature in a muffle furnace at a rate of 
3 °C/min. After a dwell time of 15 min, the 
specimen was abruptly moved from the 
muffle furnace into circulating water at 
room temperature. The specimens of each 
material were divided into eight groups of 
three specimens, each named from A to H. 
Each group of three specimens was subject-
ed to one thermal shock cycle at the temper-
ature variation T specified in Table 2, ex-
cept for group A, which was chosen as the 
reference group.
Figure 3 shows the microstructure of the  
AT castable before (a) and after severe ther-
mal shock damage (b and c). The aggre - 
gates  consolidated by a mesoscopic bond 
system that contains cracks, frictional con-
tacts and other defects, constitute the typi-
cal microstructural characteristics for the 
occurrence of structural nonlinear elasticity 
phenomena. 

3 Results and discussion
Figures 4 and 5 show the retained Young’s 
modulus values and the damping changes as 
a function of the thermal shock temperature 
variation for each material group. These re-
sults were obtained with the lowest impulse 

excitation amplitude for the IET apparatus 
(7.8 V). The reference values are shown in 
Table 3 and correspond to the 0 °C tempera-
ture variation point in the graphs. The error 
bars in these graphs and in the following 
graphs correspond to the standard devia-
tion, whereas the symbols correspond to 
 average values; both the standard deviations 
and average values were calculated over 
three specimens. 
An almost linear decrease to values of  
50–60 % is observed for the Young’s moduli 
obtained for wide temperature variations 
(Fig. 4). The percentage decrease is higher 
for the A8 material, followed by that for  
A2 and AT. The damage at the interfaces 
 between large aggregates and the castable 
 matrix explains the decrease of the Young’s 
modulus (Fig. 3b, c for the AT material). 
The absence of a critical temperature varia-
tion for A2 and A8 indicates the occurrence 
of damage during cooling after the firing 
process, which does not appear to occur for 
the AT material. This hypothesis is corrobo-
rated by the higher Young’s modulus and 
lower initial damping values of the AT mate-
rial (Table 3). 

As expected, the damping changes follow 
the inverse tendency of the retained Young’s 
modulus and increase with the formation of 
cracks and microcracks. The A8 material 
shows the greatest damping changes, fol-
lowed by A2 and AT. The percentage differ-
ence between the changes in damping after 
damage is much greater than the difference 
between the retained Young’s modulus. The 
increase in the AT damping values between 
600 and 700 °C may be explained by the for-
mation of the calcium aluminate phase 
from the cement, which did not react during 
the sintering process.
The arbitrary nonlinear coefficients that 
were defined to quantify the influence of the 
nonlinear elasticity on the accuracy of the 
IET results were evaluated for each material 
and group of specimens after damage in the 
same manner as the Young’s modulus and 
damping values. The a-coefficient and b-
coefficient results are shown in Figs. 6 and 7, 
respectively. These results allow an estima-
tion of the extent to which the Young’s mod-
ulus and the damping could be changed 
 only by variations in the impulse intensity. 
The a-coefficient is always negative, and its 
absolute value increases with the damage as 
the cracks propagate, increasing the materi-
al’s nonlinear elasticity. The increasing rate 
of the absolute value depends on the magni-
tude of the temperature change and is higher 
for temperature changes greater than 400 °C. 
For the reference group, the a-coefficient is 
-0.01 %/V for AT, -0.03 %/V for A2 and 
-0.09 %/V for A8. After the damage, the 
maximum absolute value was -0.93%/V for 
A2. In this case, where the impulser ampli-
tude range was 2.4 V, the maximum uncer-

Table 1 • Cement and aggregate content of the refractory  materials used in this 
work

A2 A8 AT

Maximum aggregate size / mm 2.3 8 3 

Aggregate content / mass-% 58 67 52.5

CA-Cement / mass-% 4 4 5

Table 2 • Temperature variations (DT) 
 applied to the specimen groups

Group DT / °C

A   0

B 100

C 250

D 400

E 500

F 600

G 700

H 800

Fig. 3 • AT castable microstructure after sintering 

(a) and after severe thermal shock damage (b) and 

(c). The aggregates consolidated by a mesoscopic 

bond system that contains cracks, frictional 

 contacts and other defects

3

Fig. 4 • Retained Young’s modulus (Y) vs. the thermal shock temperature 

 variation (T) 

4
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excitation amplitude for the IET apparatus 
(7.8 V). The reference values are shown in 
Table 3 and correspond to the 0 °C tempera-
ture variation point in the graphs. The error 
bars in these graphs and in the following 
graphs correspond to the standard devia-
tion, whereas the symbols correspond to 
 average values; both the standard deviations 
and average values were calculated over 
three specimens. 
An almost linear decrease to values of  
50–60 % is observed for the Young’s moduli 
obtained for wide temperature variations 
(Fig. 4). The percentage decrease is higher 
for the A8 material, followed by that for  
A2 and AT. The damage at the interfaces 
 between large aggregates and the castable 
 matrix explains the decrease of the Young’s 
modulus (Fig. 3b, c for the AT material). 
The absence of a critical temperature varia-
tion for A2 and A8 indicates the occurrence 
of damage during cooling after the firing 
process, which does not appear to occur for 
the AT material. This hypothesis is corrobo-
rated by the higher Young’s modulus and 
lower initial damping values of the AT mate-
rial (Table 3). 

As expected, the damping changes follow 
the inverse tendency of the retained Young’s 
modulus and increase with the formation of 
cracks and microcracks. The A8 material 
shows the greatest damping changes, fol-
lowed by A2 and AT. The percentage differ-
ence between the changes in damping after 
damage is much greater than the difference 
between the retained Young’s modulus. The 
increase in the AT damping values between 
600 and 700 °C may be explained by the for-
mation of the calcium aluminate phase 
from the cement, which did not react during 
the sintering process.
The arbitrary nonlinear coefficients that 
were defined to quantify the influence of the 
nonlinear elasticity on the accuracy of the 
IET results were evaluated for each material 
and group of specimens after damage in the 
same manner as the Young’s modulus and 
damping values. The a-coefficient and b-
coefficient results are shown in Figs. 6 and 7, 
respectively. These results allow an estima-
tion of the extent to which the Young’s mod-
ulus and the damping could be changed 
 only by variations in the impulse intensity. 
The a-coefficient is always negative, and its 
absolute value increases with the damage as 
the cracks propagate, increasing the materi-
al’s nonlinear elasticity. The increasing rate 
of the absolute value depends on the magni-
tude of the temperature change and is higher 
for temperature changes greater than 400 °C. 
For the reference group, the a-coefficient is 
-0.01 %/V for AT, -0.03 %/V for A2 and 
-0.09 %/V for A8. After the damage, the 
maximum absolute value was -0.93%/V for 
A2. In this case, where the impulser ampli-
tude range was 2.4 V, the maximum uncer-

tainty in the retained Young’s modulus 
shown in Fig. 7 associated with the impulse 
excitation would be approximately 2 % at a 
temperature variation of 800 °C. This 2 % 
uncertainty may be not sufficient to com-
promise the analysis of the results; however, 
it is relevant and of the same magnitude as 
the typical uncertainty in IET associated 
with ceramic specimens characterization [2]. 
The b-coefficient is always positive and in-
creases with the damage as the cracks prop-
agate, increasing the material’s nonlinear 

elasticity. For the reference group, the b- 
coefficient is approximately 3.8 %/V for  
AT, 5.8 %/V for A2 and 21.4 %/V for A8. 
The damage causes the b-coefficient to 
reach values as high as 113.9 %/V for the 
A8  material after the 700 °C thermal shock. 
Therefore, nonlinear elasticity is a deter-
mining factor for the characterization of 
the  damping of the studied materials by 
IET and may compromise the results of the 
analysis of thermal shock damage using 
this technique.

Fig. 3 • AT castable microstructure after sintering 

(a) and after severe thermal shock damage (b) and 

(c). The aggregates consolidated by a mesoscopic 

bond system that contains cracks, frictional 

 contacts and other defects

Fig. 4 • Retained Young’s modulus (Y) vs. the thermal shock temperature 

 variation (T) 

4 5

Fig. 5 • Relative damping change vs. the thermal shock temperature 

variation (T)

Table 3 • Reference values

Material A2 A8 AT

Y / GPa 120.4 112.5 126.8

Damping x 0.0014 0.0015 0.0007

6Fig. 6 • The a-coeffi-

cient vs. the thermal 

shock temperature 

 variation (T) for 

 materials A2, A8 and AT
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The thermal stress, the anisotropy of the 
aggregates and the expansion mismatch be-
tween the aggregates and the matrix cause 
the formation of cracks in the materials 
studied. These cracks appear to be prima-
rily responsible for the phenomenon of 
nonlinear elasticity intensification due to 
the nonlinear hysteretic behaviour of the 
crack walls. The relative movement of the 
crack walls depends on the difference be-
tween the walls’ static and dynamic coeffi-
cients of friction and on the stress and 
strain history of the material; the crack 
walls act like hysteretic on–off switches and 
lead to the material’s nonlinear elasticity 
behaviour [10]. 

4 Conclusions
The nonlinear elasticity phenomenon ex-
hibited by refractory materials should be 
taken into account in the design of IET ex-
perimental procedures and in the develop-
ment of related standards. Characterizations 
and results analyses based on damping 
measurements via IET should be conducted 
carefully because of the one-order-of- 
magnitude uncertainty associated with the 
impulse excitation intensity. 
The nonlinear elasticity phenomenon cor-
relation with the formation of cracks and 
microcracks can be used in the future to 
 advance the understanding and monitoring 
of thermal shock damage.
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