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Abstract

Ultrasonic pulse velocity testing (UPVT) was carried out to perform non-destructive quality control of refractory plates. Used in conjunction with
fracture mechanics, ultrasonic velocity measurements have proved a powerful technique for detecting, positioning and sizing internal voids and
cracks in the samples, originated from the manufacturing process. Two cordierite-mullite refractory compositions exhibiting different microstructure
and crack propagation behaviour were characterized through their lifetime during which they were subjected to thermal shock loading. In this
paper, a new statistical method is proposed which allows to estimate the lifetime when the stress state that will be applied in service (loading) and
the scattering of the ultrasonic velocity data in the as-received state are known. Since this lifetime prediction method is based on a non-destructive
technique, it could be implemented into a code in an automatic quality control device for continuous lifetime estimation. The correlation between
crack propagation behaviour and thermal shock resistance is discussed and semi-empirical models were developed to predict the service life of

refractory plates from the measured values of ultrasonic velocities on as-received samples.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

A variety of strength-degrading flaws usually introduced
during the initial stages of powder processing can lead to unac-
ceptable low mechanical strength of high temperature ceramic
materials. Impurities in the starting material components (pow-
der, sintering aids, binders) and agglomerates formed during
powder processing are two examples of strength-degrading
flaws. Internal cracks not only limit the ultimate strength of these
materials but also increase the variability of measured strength
values giving rise to low reliability (low Weibull modulus). A
primary objective of statistical fracture theories is to predict the
probability of failure of a component for an arbitrary stress state
when the failure statistics is known. A new approach, entitled
“Cumulative Flaw Length Theory (CFLT)”, has been developed
for the case of macroscopically homogeneous isotropic materials
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containing randomly oriented microcracks uniformly distributed
in locations under non uniform multiaxial stresses.! The theory
estimates the failure probability based on the non-destructive
measurement of the velocity of propagation of ultrasonic waves
through the material. Ultrasonic testing can provide the informa-
tion required by fracture mechanic approaches, while fracture
mechanics incorporates in turn the targets for the performance
of ultrasonics. An increasing number of recent investigations
has demonstrated the convenient use of ultrasonic velocity mea-
surements to assess fracture properties of ceramic materials.”©
The complete description of the CFLT approach has been pre-
sented in a previous investigation.! Comparing with existing
approaches to failure probability estimation in ceramic mate-
rials, which are mainly based on data from destructive tests,
CFLT presents the unique advantage that failure probability
assessment is achieved from parameters determined by non-
destructive characterization.! This fact could enable its use not
only in the stage of materials design, but also to monitor the
expected increase of failure probability during the materials ser-
vice life. In this novel approach, the function representing the
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Nomenclature

CFLT Cumulative Flaw Length Theory
CN chevron notch technique

Frmax  maximum load

ith path of the ultrasonic wave

Kic fracture toughness

L length of the path

LPT lifetime prediction time

Ny(o) the crack density function
N,(A) as the relative frequency
NDE, NDT non-destructive evaluation
(APy); probability of failure

Py failure probability

Py survival probability

Z(A Py); risk of failure

1
(APy); =1 —(APy), survival probability

in geometrical compliance function

u ultrasonic velocity

UPVT ultrasonic pulse velocity testing

A cumulative flaw length

A mode value of cumulative flaw length
£2(X, ») solid angle

o flexural strength

number of cracks per unit volume is estimated from histograms
of ultrasonic velocity measurements.’” This function is used
without additional assumptions to determine the probability of
fracture under arbitrary stress conditions.

Thus, CFLT enables determination of the flaw density func-
tion and the failure probability based on the measurement of
ultrasonic velocity in ceramic materials. In the present study, a
new approach is proposed that, based on the results obtained
from CFLT for as-received samples, allows the lifetime estima-
tion of a component when the stress state in service and the
scattering of the ultrasonic velocity values in as-received state
are known. In thermally shocked refractory materials, this the-
ory is proposed as a method to determine the number of thermal
shock cycles that the materials can withstand without com-
plete failure. Two different cordierite-mullite high temperature
ceramic materials were characterized to provide experimental
evidence in support of the theoretical predictions. Empirical
models of service life were obtained counting the number of
industrial thermal cycles performed by a statistically significant
number of specimens. The good correlation obtained between
theoretical curves of lifetime prediction and the empirical curves
determined from experimental data seems to confirm the robust-
ness of the proposed methodology.

1.1. Ultrasonic propagation and CFLT

In the case of the refractory materials here investigated, the
ultrasonic velocity varies from 2000 to 3000 m/s in the as-
received state.” In the presence of cracks, the ultrasonic waves

generated by the transmitter transducer cross the boundary of the
crack reaching the receiving transducer while the waves cross-
ing the crack travelling through the air undergo a remarkable
decrease of amplitude and a delay in time leading to a final loss
of signal. For these reasons, thermally shocked materials show
a significant decrease of ultrasonic velocity values, since the
ultrasonic waves must contour the cracks before reaching the
receiving transducer (in the case of the materials here investi-
gated, after 400 thermal shock cycles, the ultrasonic velocity is
close to 1000 m/s).” Hence ultrasound can be considered sensi-
tive to detect the onset of cracks ranging from about 500 pm and
its further development when materials are subjected to exter-
nal stresses. These simple physical phenomena occurring in an
UPVT measurement have been widely reported in literature’
and represent the base of our hypothesis to build a mathematical
model, linking crack lengths to ultrasonic velocity.

1.2. Fracture mechanics and CFLT

The application of linear fracture mechanics (LEFM) mod-
els to the ceramic materials here studied is questionable because
the materials are not monolithic ceramics, but highly heteroge-
neous refractory materials with remarkable r-curve behaviour,
as extensively demonstrated in literature.’~'> Furthermore the
degradation of the materials is generated from thermal stresses
(not mechanical loading) as the samples are subjected to the
thermal shocks of the fast firing cycles. The materials are
tested under real service life conditions, e.g. cracks propagate
macroscopically due to thermal stresses under thermal shock
conditions. In practice, the materials fail due to thermal fatigue
after alimited number of cycles. To predict this failure behaviour,
it is generally not possible to use linear elastic fracture mechan-
ics due to the fact that the coarse grained, porous material shows
a dissipative mechanical behaviour. In this investigation, actual
industrial samples of large dimensions (540 mm x 120 mm) are
considered, hence the “size effect” is relevant, as extensively
demonstrated in literature.'3

The study of refractory structures over the past twenty years
has shown that refractory material behaviour is highly non-linear
with time and temperature.3~'? This is due to the formation of
a so-called “fracture process zone” in the wake of the crack
tip. In this fracture process zone the crack faces are not com-
pletely stress free as assumed in the LEFM theory, but still have
some interaction due to the bridging and sliding of grains in this
region. The size of the process zone, compared with the size
of the structure, determines the influence of the process zone
on the overall mechanical properties. For quasi-brittle materi-
als, the size of the process zone is relatively large and cannot
be neglected. These materials show a macroscopic quasi-brittle
failure behaviour due to the additional energy dissipation in the
process zone. The transition from brittle to quasi-brittle failure
behaviour is a combined structural and material process.

Hasselman'# established the first approach to determine the
resistance to crack initiation and crack propagation in refractory
materials almost 40 years ago. In case of highly heterogeneous
materials (not monolithic) considered in this study, the lifetime
does not depend on the resistance to crack initiation but on the
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resistance of crack propagation, as determined by Hassemann’s
parameter Rst.!# It is well known in refractory industry that a
refractory material with early crack initiation most of the times
shows delayed crack propagation.” The failure of refractory
plates considered in this study is due to a one single macroscopic
crack propagating in the transversal direction of the plates. In this
context, the application of LEFM models to study this macro-
scopic crack (larger than 0.5 mm) in heterogeneous materials
with remarkable r-curve behaviour is not viable. Relevant results
have been achieved and verified with experimental data from the
determination of the macroscopic crack length using ultrasonic
velocity testing.” The cumulative flaw length value calculated by
Eq. (11) is a close form function that approaches the real critical
crack length value as the crack length increases (the one single
macroscopic crack propagating in the transversal direction of
the plates).

The lifetime can be monitored studying the crack growth
(the characteristic S-curve of the materials). The length of this
macroscopic critical crack and its growth with increasing ther-
mal shock cycles (lifetime) can be easily monitored by ultrasonic
pulse velocity testing (UPVT). UPVT has a long tradition of
application in refractory industry. The present study provides
the theoretical background to calculate from ultrasonic velocity
data the dimension of the macroscopic critical crack length and
from its velocity of propagation (under real time testing) the
lifetime of the material. Once an statistically relevant number
of samples has been tested and recorded (100 in this case), it is
possible to build a model to predict lifetime of samples of the
same material in the as-received state and that will be applied
under the same service life conditions.

2. Description of the theoretical approach
2.1. Determination of failure probability

Let (APy); be the probability of failure at some point of the
ith path of the ultrasonic wave through the material.
Let

(APy); =1—(APy), ey

be the corresponding survival probability, where Py and P; are
the failure and the survival probability, respectively. Thus P, can
be written as:

P =TJ@ary =TJa-@appy=][e " @)

Py = 2 BPD) (3)

where ) ;(APy); can be regarded as the measurement of the
risk of failure.

The potential causes of fracture are the cumulative lengths
of flaws along the path, where a path of length L can be defined
as the distance travelled through the material by the ultrasonic
wave between the two piezoelectric sensors. Thus it is possible
to associate a cumulative length of flaws to each path. The eval-
uation of such length for each line path can be experimentally
performed by measuring the ultrasonic propagation velocity.

We define N,,(1) as the relative frequency of paths with cumu-
lative length of flaws less than or equal to A, per unit of volume,
where A is the cumulative flaw length.

The function representing the number of cracks per unit
volume is estimated based on the histograms of ultrasonic veloc-
ity measurements.! This function is used without additional
assumptions to determine the probability of fracture under an
arbitrary stress condition. In other words, N,(A) determines a
probability distribution. Then the probability for a flaw to have
a cumulative length in [A,A +dA] is:

dNy(X)
dhr

If X denotes the applied stress, we can also consider the solid
angle £2(X, 1) which is determined by directions along which
the stress causes fracture due to flaws of length A or higher,
according to corresponding fracture mechanics criteria.!>16

Then the probability that a path in volume AV has a cumu-
lative flaw length in the range [X,A + dA] with stress orientation
in 2(X, ) is:

AV -N'y(WNdr = AV - dh 4)

2(X,))
4

The probability that at least one failure event will occur along
a path with cumulative flaw length A will be:

+00
P = /dV/ dNV(A) .Q(E, A) ©)
e 4

AV - Ny(M)dx -

®

where A is the mode value.
Then the survival probability, Py, for the length > A can be
written as:

+00
P fav [T, SEN] g,
A

or equivalently, the failure probability in paths with cumulative
flaw length > A1 is:

+00
Pr=1 —exp[ / dv / dNV(M SHE W) } 8)
Al 4

From the experiments of ultrasonic velocity measurement, if
velocities v are measured along a linear path of length L, then
the corresponding cumulative flaw length (1) is given by:

(’LUO — 1) ©)

where vg is the maximum value of velocity in the measured
sample. Indeed, if vg = L/fy (i.e. fo is the shortest transit time)
then the generic velocity can be written as v = L/#(v); hence
t(v) = L/v and

A=Av)=L

L+x L+x
ST T o (10)
Finally A can be written as:
L
b= i) =L = w0~ — L= L(——l) (11)
v
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Table 1

Chemical composition of the investigated AR002 and CONC refractory plates.

Sample SiO; Al,O3 CaO MgO Na,O K,0 Fe, 03 TiO, Others Total
AR002 44.32 42.47 0.38 5.58 0.32 0.74 1.42 0.45 4.32 100.00
CONC 46.86 37.91 0.00 7.89 0.00 0.58 1.38 0.61 4.77 100.00

2.2. Lifetime prediction theory (LPT)

In thermally shocked materials, the lifetime is quantified by
the number of thermal shocks that a component can survive with-
out failure. Given the number of thermal cycles (i.e. lifetime) as
a function of the cumulative flaw length, n =n(), and the prob-
ability density f(1) obtained experimentally for an as-received
component by the ultrasonic velocity method, the expected value
of the lifetime of such a material is:

+o00
En) = / n(A) f(A)da (12)
0
The variance and standard deviation of this value are:

+o00
Var(n) = / (n() = E(m))* fF(VdA (13)
0

SD = /Var(n) (14)

respectively.

Such parameters can be estimated by means of the following
approach.

First, we single out short subintervals [A;_1, A;] whose union
is the whole range of the lengths according to:

K
[0, Amax] = | J[Ai-1, A4] (15)

i=1

with corresponding mean number of cycles ny, . . ., ng. These
mean numbers ny, . . ., ng can be determined from a representa-
tive number of components (observed units) of the same material
in as-received state.

Each number of cycles n; is then weighted by means of the
corresponding relative frequency f; of the flaw lengths belonging
to [Ai—1, A;], i.e. the number of measured values of A in the
interval [X;_1, A;] divided by the A sample dimension. Therefore
the sample mean, the sample variance and the standard deviation
are:

K
A=Y nif (16)
i=1

K
Var(n) = SD* =Y “(n; — ) f(A) (17)

i=1

SD = v/ Var(n), respectively. (18)

3. Experimental
3.1. Samples and test method

One hundred plates of two refractory materials,
labelled AR002 and CONC, with identical dimensions
(520mm x 340 mm x 12mm) were investigated. Table 1
reports the chemical composition of the AR002 and CONC
plates (in wt%) obtained by ICP analysis (Varian, Liberty
200), while Table 2 summarizes the basic properties of these
materials, as measured in previous studies.”

3.2. Ultrasonic pulse velocity (UPVT) measurements

For each refractory plate, measurements of ultrasonic pulse
velocity through the length and thickness on direct transmission
disposition were performed. A commercial ultrasonic testing
instrument of transmission type (PUNDIT plus PC1006, CNS
Farnell Ltd., Hertfordshire, England) was used to evaluate each
refractory sample. The instrument consists of a pulse generator
and a timing circuit coupled to two transducers (220kHz) that
were positioned manually at opposite ends (in through thickness
direction of 12 mm dimension and in longitudinal direction of
520 mm dimension) of each test plate. Each transducer had a
1.6 mm thick rubber tip to overcome measurement problems due
to the roughness of the refractory surface. Each test was run at
least 5 times to determine the ultrasonic velocity with sufficient
statistical relevance. The measurements were performed on the
same batch of refractory plates in the as-received condition.

3.3. Thermal shock experiments

The performance of the refractory plates was tested on-duty
in industrial whiteware kilns following the thermal treatment

Table 2
Physical, thermal and mechanical properties of the as-received AR002 and
CONC refractory materials.”

Parameter AR002 CONC
Bulk density, p (g/cm?®)? 2.08 1.91
Thermal expansion coefficient, 3.06 2.49
(25-1250°C) (K~! x 107%)

Apparent porosity (%) 24 28
Young’s modulus, E, Impulse Excitation 21.5 15.7
Technique (L.E.T.) (GPa)

Poisson’s ratio, , Impulse Excitation 0.16 0.16
Technique (I.LE.T.)

Three point bending strength, o (MPa) 26 22
Fracture toughness, Kjc (MPam'/?) 0.50 0.42

2 GeoPyc 1360 Micromeritics, Norcross, GA 30093-1877, USA (repro-
ducibility +1.1%).
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Fig. 1. Number of industrial thermal cycles as function of ultrasonic velocity
measured in as-received state through the length for (a) CONC and (b) AR002
materials.

employed in fast firing cycles (maximum temperature between
1250 and 1275 °C). The term “thermal shock” is used throughout
the text in agreement with the literature on refractory materi-
als. Hence, the number of thermal shock experiments hereafter
considered corresponds to the number of fast firing cycles car-
ried out on the refractory plates. In total 100 refractory plates of
each composition were marked and followed during all their ser-
vice life. In many refractory plates, even if cracks were already
visible after few thermal cycles, the propagation through the
transversal direction of the plates occurred in relatively slow
mode (particularly evident for CONC material’).

3.4. Fracture toughness determination

Fracture toughness data of selected samples before and
after industrial thermal cycles were obtained by the chevron
notch (CN) technique at room temperature. The specimen
geometry employed in this test was a bar with dimensions
W=4mm, B=3mm, /=22 mm, where W =thickness, B =width
and [ =length, respectively. Chevron notches with angles of 90°
were cut using a thin diamond wheel. The specimens were
loaded in three-point bending configuration with rollers span of
16 mm at a constant cross-head speed of 0.01 mm/min. Graphs of
load versus deflection were recorded and the fracture toughness
was calculated from the maximum load (Fp,,x) and the corre-
sponding minimum value of geometrical compliance function

(Yr:,) using the following equation’:
F,
K = ﬁ i (19)

The calculation of the function Y; for chevron notched
bending bars was based on Bluhm’s slice model,!” as reported
elsewhere.” The chevron-notch depth (ag) was measured from
optical micrographs of fractured specimens.

4. Results

4.1. Relation between as-received ultrasonic velocity
values and number of thermal shock cycles

Fig. 1a and b shows the average number of thermal cycles
(N), considered in this study as a quantitative measure of the
materials service life, as function of ultrasonic velocity (v)
values measured on the plates in the as-received condition (fol-
lowing the length path of the refractory plates) for CONC and
ARO002 materials, respectively. Error bars showing minimal and
maximal measured values are also reported. In both materials,
it is evident that service life of the refractory plates, measured
as the number of cycles that the materials can withstand without
fracture, increases with increasing values of ultrasonic velocity.

In the next paragraphs we explain how these N versus as
received v curves can be transformed into N versus A curves
by applying CFLT approach (Fig. 2A and B) and how it is

A Thickness
360- kc=265@mm
sa0]
| a)
320-
300- o L ~

280- U b
260- .;./ »{4\
240- /

220—-

200+ kC:47O mm \

1804 £

0.0 0.2 0.4 0.6 0.8 1.0 1.2

Number of thermal shock cycles

B Length
600

500
400+

300- b)
7»;50.66 mmj

)»0258 mm

200+

Number of thermal shock cycles

100+

T T T 1
0 20 40 60 80 100 120
A(mm)

Fig. 2. Crack length values determined by CFLT as function of the service life of
the refractory materials, for ultrasonic velocity values measured in as-received
state through thickness (A) for (a) CONC and (b) AR002 materials, and through
the length (B) for (a) CONC and (b) AR002 materials.
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Fig. 3. Comparison between real and predicted by LPT method lifetime values
for AR002 material.

possible to calculate the critical flaw length from these material
characteristic curves (Fig. 3, Section 4.3).

4.2. Prediction of service life: case study of LPT

LPT was applied for the same lot of samples, i.e. AR002 and
CONC refractory materials following the statements explained
in Section 2.2. For lifetime prediction, firstly the paths (X;)
corresponding to ultrasonic velocity values of a representative
number of components (observed units) of the same material
in as-received state must be calculated using Eq. (11). In other
words, the curves reported in Fig. 1 representing number of ther-
mal shock cycles (V) against ultrasonic velocity measured in the
as-received state are transformed in N versus flaw length curves
(1) by applying Eq. (11). Table 3 reports an example of applica-
tion of this approach, where the frequency and relative frequency
of number of cycles for a representative number of samples of

Table 3

Example of LPT method for prediction of the service life of ceramic components.

D.N. Boccaccini et al. / Journal of the European Ceramic Society 32 (2012) 1175-1186

the same material (n;) falling into the [A;_1, A;] subinterval are
listed in columns 2 and 3. Moreover the mean value of the num-
ber of cycles for each subinterval is reported in column 4, and
finally, the relative frequencies of cumulative flaw lengths cal-
culated by Eq. (11) from the ultrasonic velocity values obtained
after careful screening measurements of the new component are
included in column 5.

For understanding of the methodology, we include the
detailed description of the approach, as follows.

The theoretical approach explained in Section 2.2 should be
followed in this order:

(a) Divide the interval [0, Apnax] into short subintervals of paths
[Xi—1, A;] (column 1 of Table 3).

(b) For each of these subintervals calculate the mean number
of cycles ny, ..., nk, together with the relative frequen-
cies for a representative number of components (observed
units) of the same material in as-received state. In the case
studied here, 50 refractory samples of both compositions,
ARO002 and CONC, were marked and monitored during all
their service lives. The results of the mean values of num-
ber of cycles n; against the cumulative flaw lengths (1) are
shown in Fig. 2B, defining an S-like curve which could be
the characteristic lifetime trend of refractory materials when
subjected to thermal shock conditions (i.e. column 2, 3 and
4 of Table 3). Moreover it is suggested that this S-like curve
could represent a characteristic materials curve, giving infor-
mation for fracture mechanics studies, as discussed further
below (Section 5.1).

(c) Once this S-like curve is defined for a specific material
(cordierite-mullite refractory plates in our case), the life-
time of for a new component of the same material, with the
same geometry and that will work under the same service
life conditions, can be predicted, as follows.

Cumulative flaw length

calculated from ultrasonic material in the range [A;_1, A;]

F; and f; of n; for a representative number of samples of the same

Mean number of
cycles in the [A;_1,

f; of A; for a new
component in the

velocity Ai] subinterval range [n;_1, nj]
[hi-1, Al Fj fi n; fi

[0, 0.25] 5 0.056 300 0.04
[0.25,0.75] 8 0.089 156.66 0.07

[0.75, 1.25] 10 0.112 450 0.13

[1.25, 1.75] 29 0.325 258 0.0324
[1.75,2.25] 32 0.359 261 0.359
[2.25,2.75] 4 0.045 353 0.045

[2.75, 3.25] 1 0.011 120 0.011

Predicted lifetime of the new - - - 200.72

_ K .
component i1 = Zi:l"ifi
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The same short subintervals of paths [X;—1, A;] singled
out previously are weighted by means of the corresponding
relative frequency f; of the flaw lengths belonging to [A;_1,
Ai], i.e. the number of measured values of A in the inter-
val [A;_1, ;] divided by the A sample dimension (column
5 of Table 3). Therefore the sample mean lifetime can be
calculated using Eq. (16).

A new lot of fifty plates of AR002 and fifty
plates of CONC material with identical dimensions
(520 mm x 340 mm x 12 mm) were marked and monitored
during all their service lives to validate the model. For each
refractory plate, measurements of ultrasonic pulse velocity
through the length and thickness in as-received state were
performed. Fig. 3 shows the predicted mean lifetime val-
ues for ultrasonic velocity data measured through the length
for AROO2 material and the points representing the real
lifetimes of this second lot of 50 samples used to validate
the approach. Thus the real lifetime of these new 50 sam-

ples (dots) and the predicted mean lifetime (curve) can be
compared in Fig. 3. The predicted mean lifetime values have

a Surface flaw, the most detrimental for a/c =0.5

b Inner flaw, the most detrimental for a/c = 0.5

C 1000 =
100 =
10 - |
3 |
I
1 I
E ' !
£ ~ 153 pm "
— ey~ .y =3
R L [~ " ——— - - S, 3
@ =89 um : :
1 I
0.01 = |
3 I
| I
I
0.001 —= I
3 I
e | I
i I
0.0001 = 1
3 1

10

Stress [MPa]

been theoretically determined by applying the LPT approach
as explained above. It is clear that even if significant differ-
ences exist between the absolute values of predicted lifetime
with the real values, after 250 thermal shock cycles, from
17 broken samples, 16 samples belong to the lot of samples
marked as critical before thermally shocking them, since
they had X values higher than critical (A critical = 50.66 mm).
The determination of these critical values is shown in the
next section.

4.3. Assessment of the goodness of fitting between the
semi-empirical theoretical model and experimental data

Kolmogorov—Smirnov (K-S) and 7-tests with the calculation

of the relative error have been used to validate the “goodness”
of fitting of the model with the experimental data.

The comparison between the theoretical model and exper-

imental data is reported in Fig. 3 for AR002 material. The
sigmoidal curve was derived from a polynomial fitting of the
mean values obtained as explained in Section 2.2 and also in

alc=05
inner flaw
surface flaw |

Fig. 4. Most detrimental flaw geometries: (a) surface flaw; (b) inner flaw, (c) diagram representing the flaw sizes for the applied stresses.
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Normal Q-Q Plot
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Fig. 5. g—g-plot of the differences Y;=y; —g(x;), i=1, 2, ..., 50 suggesting
a normal distribution obtained in R environment (http://cran.r-project.org/) for
ARO002 material.

Section 4.2(a) and (b). The mathematical equation (20) rep-
resents our base semi-empirical theoretical model for the
calculation of mean lifetimes for the new components (of course,
of the same material that will work under same service life
conditions)

y = g(x) = 0.0011 % X> — 0.1672 % X + 1.7805 % X
+503.54 (20)

To verify the goodness of fit, another lot of 50 specimens was
considered: {(x_i,y_i),i=1,...,50}.
The differences

Yi=y —gkx), i=1,2,...,50

between the y values of experimental data and the model
were calculated. These differences can be supposed normally
distributed, as it appears quite realistic from a usual g—g-
plot, obtained by R environment (http://cran.r-project.org/) and
reported in Fig. 5.

Moreover, such a normality hypothesis (in statistics, the null
hypothesis Hy) is successfully tested by a Kolmogorov—Smirnov
normal test. The tests was performed in R environment
(http://cran.r-project.org/), obtaining a p-value =0.6418.

Notice that here the null hypothesis is normality and it would
berejected if p <0.05; for p = 0.64 the normality holds quite true.

Once normality has been confirmed, a usual #-test on the
differences Y;=y; - g(x;) has been performed to determine the
goodness of the curve fitting (now the H, hypothesis is p =0).
In this case, a p-value =0.3472 is obtained, with a 0, 95% confi-
dence interval: [—30.15134, 10.81170] and a mean: —9.66982.

First it turns out that the null hypothesis is not rejected, since
p=0.34 is greater than 0.05. Moreover the confidence interval
of such a mean is [—30.15, 10.81]. This is a fairly strong con-
firmation of the goodness of the curve since mean lifetime is
predicted by the model y = g(x) with an absolute error of at most
30 cycles. Notice that it corresponds to a relative error of about
9%.

An estimate of the critical length below and above which a
transition can be thought of, is the deflection point of the sig-
moidal curve reported in Fig. 3. If the generic curve model is
y=g(x)=a* x> +b*x*+c*x+d, hence the deflection point is
x=—b/(3a)=50.66 mm.

Let us select the lengths below 50.66 and perform a #-test on
the mean of corresponding number of cycles. The 95% confi-
dence interval in this case is [392.6741, 458.5673], with of mean
of 425.6207. It is important to see the confidence interval of the
mean: if the length is less than the critical length, the correspond-
ing number of cycles is, in mean, greater than 392.67 and lower
than 458.5673 with probability 95%.

Then selecting the lengths above 50.66 we obtain a 95% con-
fidence interval of [139.3260, 225.1740] with a mean of 182.25
cycles. Therefore, if the path length is greater than the criti-
cal length, the lifetime is, in mean, between 139.32 and 225.17
number of cycles (with probability 95%).

The results obtained put in evidence that there is a sufficiently
good fitting between absolute values predicted by the model
and the real ones bearing in mind that the approach is used to
estimate lifetime from parameters measured in as-received state
(the relative error varies from 10 to 30%).

However, beyond the importance of this later statistical char-
acterization of the model, the goodness of the approach can be
appreciated considering Fig. 3. Let us consider a critical A value
(50.66 mm) that corresponds to the deflection point of the sig-
moidal curve calculated. If we choose the samples having A
values higher than the critical A as more prone to failure, we can
see that even if significant differences exist between the abso-
lute values of predicted lifetime with the real values, once the
samples have performed 250 cycles of thermal treatment, from
the 17 marked samples, 16 were broken.

5. Discussion
5.1. Determination of critical flaw from CFLT

When Eq. (8) of CFLT is used for the assessment of fail-
ure probability, the calculated A value indicates a cumulative
value representing the summation of all the small flaws that the
ultrasonic wave finds along its path. However, to obtain real flaw
sizes from ultrasonic velocity data obtained by UPVT technique,
some considerations are necessary, as follows:

- A represents in Eq. (8) a cumulative flaw value because the
ultrasonic velocity considered as (vp) in the equation is equal
to a maximum value.

- In the case of ultrasonic velocity measured through the
length of the refractory plates, it could be considered that the
cumulative flaw values (1) obtained from Eq. (11) are very
close to the values of real flaw sizes (a,e4). These real flaw
sizes correspond to the macroscopic flaw propagating in the
transversal direction of the refractory plates (which lead them
to fracture). Macro-cracking in these materials under thermal
shock is a single phenomenon observed only in the transversal
direction and mostly attributable to one single crack.” The
higher is the real flaw size, the higher is the convergence
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to the theoretical cumulative value represented by (1) and
calculated by Eq. (11) of CFLT, according to Eq. (21):

vo
sz(—lq);mm Q1)
v
- However, to obtain microscopical real flaw sizes by CFLT
using ultrasonic velocities measured through the thickness of
the plates,” some previous considerations are required: the
correct vo value in Eq. (11) should be the mode value (vy,o4e)
of ultrasonic velocity data (instead of the maximum value as
in the case of ultrasonic velocity measured through the length
of the refractory plates). It could be considered that vy;qe
corresponds to a representative ultrasonic velocity through
the material, and hence it is possible to assign a nil value to the
corresponding cumulative value (). Therefore the difference
between generic v values and v,,,4. (01 respective A and A1 val-
ues) represents flaw lengths beyond the mean value and hence
critical flaw sizes. Hence the equation given the microscopical
real flaw sizes by CFLT using ultrasonic velocities measured
through the thickness of the plates is presented below:

Umode

A:L(
v

~1) = drea (22)

As mentioned in Section 4.1 and discussed in detail
elsewhere,” it can be hypothesised that the S-like curves of
Fig. la and b represent the crack-growth rate as function of
the initial length of the most critical crack present in the as-
received material in the transversal direction. The remarkable
similarity between the functions proposed by Baratta, Green and
Evans!3-2! describing the normalized stress-intensity factor as
a function of the crack length to void radius ratio with the S-like
curves of as-received ultrasonic velocity data against number of
industrial thermal cycles in this study (Fig. 1a and b) suggests
the potential use of CFLT and LPT approaches, which are based
on ultrasonic velocity measurement, as a convenient quantitative
tool for fracture mechanics studies, as discuss in detail in a pre-
vious work.” Briefly, toughening mechanisms acting in different
refractory materials have been reported by several authors, for
example by Baker et al.?? In particular crack tip blunting and
viscoelastic bridging have been observed in cordierite-mullite
materials as discussed elsewhere.’ Toughened ceramics are char-
acterized by a crack-growth resistance curve (R-curve) rather
than by a single-value fracture toughness. The resistance to crack
growth in such materials increases as the length of the cracks
increases. It can be expected that the efficiency of viscoelastic
bridging in silicate-based systems, such as the present refractory
plates, can influence the linearity between stress intensity fac-
tor and crack growth rate and hence affect the characteristics of
the S-like curve giving the correlation between the as-received
ultrasonic velocity (or corresponding flaw lengths if Eq. (11) is
applied) and the number of industrial thermal cycles (Fig. 1a and
b). Assuming this fact as valid, it is possible to infer three dif-
ferent stages of crack-growth rate (Fig. 2), being lower for small
and long cracks than for cracks of medium length, which could
indicate an R-curve behaviour of the investigated materials, as
discussed elsewhere.” When the defect present in the material is
longer than the critical length, which leads to a critical ultrasound

velocity v,, as labelled in Fig. 1a and b and A. in Fig. 2c and
d, the crack will propagate faster and as a logical consequence
the service life of the materials will be short. Therefore, from
the manufacturer point of view, it is more convenient to have
a higher number of sub-critical cracks initially rather than just
one large crack exceeding the critical length, as expected. The
fact that CONC material presents a lower v, value than AR002
material (Fig. 1) indicates that the CONC material is able to
withstand the propagation of a larger initial critical crack. This in
turn shows that the microstructure of the CONC refractory mate-
rial should activate toughening mechanisms able to counteract
during service life the effect of large manufacturing defects.

Further investigations of the ultrasonic velocity and fracture
toughness correlation as well as high temperature mechanical
fatigue studies of the refractory materials are being carried out
to confirm this assumption. If this approach is valid, it will be
possible to have a predictive tool of the complete refractory
service life just by performing accurate measurements of the
ultrasonic velocity in the as-fabricated samples, as proposed in
this study.

5.2. Microscopical critical flaw size by CFLT and fracture
mechanics: verification of the proposed method

5.2.1. Microscopical critical flaw size by CFLT and LPT

Fig. 2A shows the crack length determined by CFLT as func-
tion of the service life for the AR002 and CONC refractory
materials, for ultrasonic velocity values measured through the
thickness. For the assessment of flaw distribution all velocities
v available along the linear thickness path were considered and
V=Vmode Was used in Eq. (11). These critical flaw sizes are closed
to the average values of chamotte grain dimensions (chamotte is
the inert phase present in the microstructure’). The increasing
trend of service life up to a flaw size length close to the chamotte
grains length is in agreement with literature findings,?®> which
showed that microcracking below the chamotte grain dimension
could be helpful to improve thermal shock resistance. The crit-
ical flaw size was established at the A mode value, since longer
cracks decrease the service life. Hence, the critical flaw length
values are A, =460 pm and A, =300 wm for AR002 and CONC
materials, respectively. It is worthwhile mentioning the good
agreement between these values obtained from CFLT and the
average flaw length determined from Image Analysis. Moreover,
the fact that CONC presents a lower critical flaw size explains
the early crack initiation in this material- as indicated also by
the lower Hasselman’s parameter “R”, calculated in previous
works.’

5.2.2. Microscopical critical flaw size determination by
Chevron notched (CN) specimen technique

For exact determination of the critical flaw size it is neces-
sary to know the acting (external) load or the applied stress in
the location of the flaw. If this stress is unknown it is possible
to develop diagrams showing dependence of the critical flaw
size arir on the applied stress o for different levels of fracture
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toughness K¢, i.e. for the critical condition of catastrophic frac-
ture. Considering Eq. (23) based on Griffith-Irwin’s work:

Kic = oB/acm (23)

where a. is a critical crack length, 8 is a geometrical parameter
(B=1for a crack centred in an infinite plate; 8= 1.12 for a crack
at the edge of the plate) and o is the tensile strength (0.607), a
diagram has been plotted for the two most typical flaw config-
urations, surface flaw and internal flaw (see Fig. 4). The most
detrimental flaw geometries are shown schematically in Fig. 4a
and b and for these two configurations and flaw geometries the
diagrams representing the flaw sizes as function of the applied
stresses are shown in Fig. 4c.

As an example, the applied stress corresponding to the flexu-
ral strength level can be selected. For the investigated composites
this stress can be taken as ~20 MPa.?? For this level of applied
stress and for fracture toughness corresponding to 0.3 MPam '/
(e.g. CONC material) the critical flaw size is 89 um in case
of surface flaw and 102 pum in case of inner flaw. For the
same applied stress and fracture toughness of 0.4 MPam'’? (e.g.
ARO002 material) the critical size of the surface flaw is 153 pm
whereas the inner flaw may have the size of 185 wm.

The values of critical crack length are controlled by the value
of fracture toughness. This means that the lower the fracture
toughness the smaller the critical crack length (at the same
applied stress). The diagrams are independent of the material. It
is possible to estimate for a given level of applied stress (hori-
zontal axis) the critical crack length (vertical axis) applying the
known value of fracture toughness (corresponding curve from
the diagram).

However, there is the remaining uncertainty regarding which
value of applied stress should be used. This should follow from
the estimation of the component loading taking into account
the geometry, real forces acting on the component, etc. Table 4
shows data of critical flaw size, supposing a surface crack (more
detrimental case). The first set of values are calculated for a stress
corresponding to the critical fracture condition for the bending
strength test. The other set is calculated for about half of this
stress, i.e. for a stress of 10 MPa acting on the flaw. The second
case appears to be more realistic for the service condition. The
basic relation of flaw sizes for CONC and AR002 materials is
the same, however AR002 appears to behave slightly better com-
pared to CONC in the initial state (@, =291 pwm and 461 pm for
CONC and ARO002 specimens, respectively, see Table 4). The

Table 4

microscopical critical flaw size values obtained from Cumulative
Flaw Length Theory were 300-320 pm for CONC and 450 pm
for AROO2 material. They represent the initial condition for the
crack. This result appears to be in very good correlation with
the minimum values generated by fracture toughness determi-
nation and the critical flaw sizes calculated for the local stress of
10 MPa, which can be considered close to an effective strength
value (o,) (strength in service) of 60% of the nominal fracture
strength.

The lower value of critical flaw size of CONC material
obtained from CFLT (from the ultrasonic velocity histogram)
was confirmed by the critical flaw size values obtained from the
destructive test (Kjc measurement by chevron notched spec-
imen technique) and from image analysis. This explains the
fact that CONC components present an early crack initiation
in comparison to AR002 material (lower value of critical flaw
size).

5.3. Macroscopic critical crack size values obtained from
ultrasonic velocity measurement through the length of
refractory components

The critical crack length after some crack propagation has
occurred (macrostructural crack initiation) is more complicated
to calculate from destructive testing, i.e. chevron notched speci-
men technique. It is not possible to calculate the crack size from
the initiation fracture toughness measured by chevron notch or
other technique. The conditions are controlled by the local stress
intensity factor corresponding to the applied load but affected
by local fracture mechanisms (in coarse grained microstructures
there is even the possibility of local mixed mode K; and Kj;
when a crack is deflecting around the grain boundary). Hence
the macroscopical values of critical flaw size obtained from
CFLT using ultrasonic velocity data through the length of the
refractory plates, cannot be validated by the chevron notched
specimen technique results. However, the values obtained from
CFLT (50.66 and 58 mm for AR002 and CONC materials,
respectively), are in good agreement with experimental data
of their life service behaviour,” which state that CONC sam-
ples, despite showing an early crack initiation, present a slower
crack propagation rate, as confirmed by the longer lifetime of
CONC refractory plates (higher macroscopic critical flaw size).
This fact is also indicated by the higher Hasselman’s parameter

Data of critical flaw size, assuming a surface crack (more detrimental case Fig. 4a) for CONC and AR002 materials.

CONC

AR002

Lowest value of ac;; (um)

Mean value a.,i; (um)

Lowest value ac; (um) Mean value a,,i; (um)

For the applied load of 20 MPa
(about flexural stress level)

Initial state 75 119
State after 30 thermal shocks 39 46
For the applied load of 10 MPa

Initial state 291 461
State after 30 thermal shocks 161 196

119 155
18 75
461 544

86 291
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R"" calculated in a previous work,” which characterizes crack
propagation under thermal shock conditions.

5.4. Final considerations

Assuming that the S-like curves of Fig. 1 or Fig. 2B are the
representation of the crack grow rate as function of initial length
of the most critical crack present in the as-received material in
transversal direction, the following can be concluded:

(i) There is a good agreement between microscopical critical
flaw data obtained from fracture mechanics technique (a.)
and from CFLT using thickness ultrasonic velocity data
(X¢)- The lower a, and A, values of CONC material explain
the early crack initiation in this material.

(i) The values of macroscopic critical flaw size (A.) obtained
by CFLT from measurement through the length are in
agreement with experimental industrial evidence and in situ
crack measurements.

(iii) The higher values of macroscopical critical flaw size of
CONC material explain its better thermal shock behaviour;
despite showing an early cracking initiation this material
presents a lower crack propagation.

These statements indicate that single measurements of the
fracture toughness in the initial state do not allow prediction
of the performance of refractory materials under thermal shock
conditions since this single value (K;c) does not give information
about the R curve behaviour of the materials. On the contrary, the
determination of the microscopical and macroscopical critical
flaw sizes and the S-like curves by LPT method presented in
this paper allows to predict the behaviour of the materials. These
S-like curves can be also confirmed by the similarity with earlier
theoretical models’ and could be related to the R curve behaviour
of the materials.

Thus the main finding of this investigation is that the S-like
curve, obtained by the LPT approach and based on a statisti-
cally significant number of samples, can be used to calculate the
service life of refractory materials: it could be possible to esti-
mate the future service life of a new component from ultrasonic
velocity measurements carried out in the as-fabricated state, with
absolute errors ranging between 10% and 30%.

6. Conclusions

In this work the capability of the ultrasonic velocity tech-
nique (UPVT) in conjunction with the Cumulative Flaw Length
Theory (CFTL) for sensitive and reliable non-destructive char-
acterization of thermal shock damage in refractory materials has
been described. CFLT permits to determine flaw length distribu-
tion in ceramic materials to obtain the critical flaw size and hence
to predict the failure probability for an arbitrary stress knowing
the relevant failure statistics. This knowledge is fundamental
for assessing structural and/or high temperature applications
of ceramics. A new statistical method (LPT theory) was pro-
posed here that, based on the results obtained from CFLT for

as-fabricated samples, allows to estimate the component life-
time when the stress state applied in service and the scattering
of the measured ultrasonic velocity values are known.

The remarkable similarity between the S-like curves obtained
by the LPT approach, giving the correlation between ultra-
sonic velocity values of samples in as-fabricated state (or crack
length if CFLT is applied) and number of industrial thermal
cycles, and the functions proposed by Baratta, Green, Evans
and Paris, 82224 describing normalized stress-intensity factor
as a function of the crack length to void radius ratio, suggests the
potential use of ultrasonic velocity as a convenient quantitative
tool for fracture mechanics studies. Moreover the values of crit-
ical flaw size obtained from this approach are in agreement with
those obtained from the destructive test measurements (chevron
notch technique). This fact suggests the possibility to estimate
failure probability, lifetime prediction and critical flaw length
from a non-destructive characterization of the material based on
ultrasonic velocity measurement. This approach could be used
not only in the stage of materials design and manufacture, but
also to monitor the eventual increase of failure probability dur-
ing the materials subjected to service life (e.g. in the case of
refractory materials following thermal cycling).
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