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Abstract

Young's modulus and thermal diffusivity values have been obtained
on a set of barium titanate based ceramics using ultrasonic pulse-
echo and photoacoustic effect (PAE) measurements. The PAE was
shown to detect variations in thermal diffusivity between materials
of varying composition and processing treatments. The results

are valuable in the evaluation of dielectric ceramic materials for
practical electronics applications.
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Introduction

The use of multilayer ceramic capacitors (MLCs) is
rapidly increasing in surface mount applications and,
therefore, the understanding of mechanical properties
and thermal shock resistance parameters of these mate-
rials is becoming increasingly important. Of the various
soldering techniques utilized in surface mount applica-
tions, including wave soldering, vapor phase soldering
and infrared reflow techniques, wave soldering imposes
the most severe thermal stresses on the materials * 2
since it involves rapid surface heat transfer from the
molten metal to the terminations of the ML.Cs. The
rapid heat transfer in processes like wave soldering
results in large temperature gradients and the resulting
stresses in the capacitors are further complicated by
differences in the coefficients of thermal expansion and
thermal diffusivities between the capacitors and other
materials used in the surface mount manufacturing
processes. Temperature gradients may lead to crack
initiation and/or crack propagation which in turn may
contribute to the subsequent deterioration of the insula-
tion resistance of capacitors. Because barium titanate
materials are often used as the major components of
MLC’s, there is considerable interest in the determina-
tion of the initial flaw sources and distribution, in the
elastic and thermal properties, and in mechanisms by
which these flaws initiate and propagate in barium
titanate based dielectric materials. This work reports the
results of nondestructive evaluation (NDE) measure-
ment techniques of the Young’s modulus and thermal
diffusivity of several BaTiO, based dielectric ceramics.

Experimental Procedure

Specimens were prepared by using standard capacitor
manufacturing techniques® using the tape cast process
with various dielectric compositions classified by the
Electronic Industry Association (EIA) temperature
characteristics referred to as X7R and Z5U ceramics.
Specimens with dimensions of 25 x 25 x 3.0 mm were
designated as X7R-1, X7TR-2, Z5U-1, Z5U-3, and Z5U-
3nb where X7R-1 and -2 are barium-bismuth titanate
based dielectrics containing different minor con-
stituents, Z5U-1 is a barium titanate-calcium zirconate
based ceramic, and Z5U-3 and Z5U-3nb are relaxor
based ceramic materials which are similar in composi-
tion but are processed differently.

Young’s moduli (E) for the specimens were obtained
using standard ultrasonic pulse-echo measurements.
Measurements were made at 10 MHz, and, for both lon-
gitudinal and shear wave velocities, data were taken for

1,2, and 3 transit times of the specimen. Uncertainty in
the velocity measurements was <1.5% and in the speci-
men density was <1%. Therefore, the uncertainty in E
was <£2.5%.

Values for the thermal diffusivities were obtained
using the photoacoustic effect (PAE) technique follow-
ing Pessoa et al. All specimens first were ground on
both sides by a 600-grit diamond wheel to a final thick-
ness of 0.59 mm. For purposes of comparison, the ther-
mal diffusivity of an alumina specimen (0.64 mm thick)
was also measured. Photoacoustic measurements were
made using the apparatus shown in Fig. 1.

Specimens were mounted in aluminum PAE cell
with a thin layer of vacuum grease as the bonding
medium. Modulated radiation from a CO, laser, oper-
ated at 600 mW, was directed either to the front of the
specimen (inside the chamber) through a ZnSe window
or to the rear of the specimen through a 6 x 8 mm rec-
tangular hole in the rear of the chamber. Laser beam
modulation was achieved through the use of a mechani-
cal chopper and frequencies ranged from 0.87 Hz to 100
Hz. The PAE signal detected by the microphone was
filtered by a vector lock-in amplifier, from which phase
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Figure 1. Schematic of photoacoustic apparatus. A mirror
could be inserted or retracted to direct the modulated heating
beam through the ZnSe window at the front or through a hole
blocked by the specimen at the rear of the photoacoustic cell.



measurements of the signals resulting from front and
rear surface heating were obtained. The frequency was
monitored by an independent meter.

The PAE parameter of interest was the phase differ-
ence between front surface and rear surface heating
obtained as a function of heating frequency. For some
maximum frequency, f, the phase difference would
become independent of frequency. At higher frequen-
cies, f>f, the modulated thermal signal was unable to
penetrate the specimen. Because f, depended on the
thermal properties of the particular specimen, it was not
possible to predict its value precisely. Therefore, the
upper limit of 100 Hz was arbitrarily chosen since it was
expected that 100 Hz>>f. The lower frequency limit,
0.87 Hz, was at the limit of the frequency response of
the apparatus.

Results and Discussion

Young’s Modulus Table I shows the values for the
Young’s moduli obtained for the five specimens:

TABLEI
Young’s Thermal

Specimen Density Modulus Diffusivity

g/cc GPa (x10% cm¥s)
X7R-1 5.875 148.0 5.63
X7R-2 5.834 105.0 12.35
7Z5U0-1 5.669 143.2 8.92
7Z5U-3 8.095 131.2 4.88
7Z5U-3nb 7.650 112.1 4.95

These values vary from 105.1 GPa for the X7TR-2 spec-
imen to 148.0 GPa for the X7R-1 specimen. While part
of this change can be explained by changes in the com-
positions of the specimens, e.g., the change from 148
GPa for X7R-1 to 112.1 GPa for Z5U-3nb, some of the
variation in Young’s modulus must result from process-
ing conditions, as shown by the fact that, although the
7Z5U-3 and the Z5U-3nb specimens are compositionally
the same, E changes from 131.2 GPa for the former to
112.1 GPa for the latter. The change in the E values for
the Z5U-3 and Z5U-3nb specimens reflects the fact that
E is a function of the density, p, as well as of the longitu-
dinal and shear wave velocities of the materials. All
three of these physical parameters can vary from differ-
ent processing conditions.

Because the Young’s modulus is the measure of the
change in stress in a material resulting from a given
change in strain, it is reasonable to expect that the prob-
ability of mechanical failure resulting from thermal
shock would increase with increasing E. This is certainly
true for some geometries, in which the thermal stresses
are proportional to E°.

Thermal Diffusivity  The thermal diffusivities () of
the specimens, as determined by using front and back
heating in the PAE, have also been obtained and are
shown in Table 1. « is related to the difference in the
phases of the PAE signal for front and real surface
heating, A¢, by the following expressions:

a = w/(2a% = k/(pC)
tan (A¢) = tanh(al)tan(al) 1)

where w is the angular modulation frequency of the
heating beam, | is the specimen thickness, a is defined
by eqn. 1 and is the inverse of the thermal diffusion
length, k is the thermal conductivity, and C is the heat
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Figure 2. Plots of calculated and measured values of A¢ vsla
for a dense ALO, specimen. a) Solid line calculated assuming o
=.087 cm?s. b) Solid line calculated assuming o« = .094 cm?s.
Deviation of calculated values from measured values of A¢
begins at la=2.8.

capacity of the specimens. To evaluate «, the experi-
mentally obtained values of A¢ and the calculated
values, tan™ (tanh(la)tan(la)), were plotted as functions
of la. Because la = 1(«w/(22)) ', estimates of « were
adjusted to obtain the best agreement between the
measured and calculated values of A¢. Fiigure 2a is a
plot of A¢ vs la for the alumina specimen, which was
used to evaluate the accuracy of the technique for the
determination of «, The symbols in the figure represent
the experimental values and the solid line is calculated
from eqn. 1 resulting in a value « = 0.087 cm?/s. This
value of « is in agreement with the literature values® of
o calculated from the thermal conductivity, K, specific
heat, C, and density, p. To show the sensitivity of eqn. 1
to «. Figure 2b is a plot of the same experimental data
but, this time, the solid line corresponds to o = 0.096
cm?/s, a change of 10% from the previous value. The
curve in Fig. 2a fits the data better than the curve in
Fig. 2b, showing that eqn. 1 can determine values of «
within at least 10%.

Both Figs. 2a and 2b show a deviation of the data
from the calculated line for higher values of la (i.e., for
modulation frequencies >f,). As mentioned previously,
this deviation derives from the thermal thickness of the
specimen being greater than the propagation distance
of the modulated heat flow, at least within the sensi-
tivity of the experimental apparatus.

Specifically, for an alumina specimen 0.64 mm thick,
with o = 0.087 ecm?/s, the measured values of A¢ deviate
from the calculated values and, in fact, become constant,
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Figure 3. Calculated and measured values of A¢ plotted vs la for a) X7R-1, b) X7R-2, ¢) Z5U-1, and d) Z5U-3 specimens. Figure
shows that data for all specimens begin deviating from calculated values at la =2.8. At lower values of la, there is agreement between

experimental and calculated values of A¢.

for la >2.8. It must be borne in mind, however, that the
value of la at which A¢ levels off results only from a limit
in the sensitivity of the experimental apparatus, not
from a change in the physical processes giving rise to the
signal and, in addition, this value of la is not dependent
upon the thermal properties of the specimens.
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Figure 4. A¢ vs frequency for Z5U-1 specimen showing that
Ao levels off to essentially a constant value for £>9 Hz.

Because the upper limit of la for which measurements
can be made depends only on the sensitivity of the
detection apparatus, it should be the same for all materi-
als. This is shown in Fig. 3(a-d) which gives both experi-
mental and calculated values of A¢ for XTR-1, X7TR-2,
7Z5U-1 and Z5U-3. In all cases, the calculated values
deviate from the experimentally obtained values at la =
2.8. This result implies that a second method of deter-
mining « is to plot A¢ vs f, where f is the heating modu-
lation frequency (F'ig. 4). At the frequency, f,, at which
A¢ becomes independent of f,

o = (1/2.8)X(fy10). @

The value 2.8 is an experimental parameter, of course,
and must be determined for each PAE system. Table 1T
lists the values and uncertainties of « determined by the
two methods:

TABLE II

THERMAL DIFFUSIVITY (x 10® cm?¥s)
Specimen Clegn 1 + legn 2 +
X7R-1 5.63 0.65 7.0 1.1
X7R-2 12.35 1.22 15.5 25
7Z5U-1 8.92 1.93 9.1 4.9
75U-3 4.88 0.55 84 0
7Z5U-3nb 4.95 0.73 6.7 25




The results shown in the Table indicate that « varies
by more than a factor of two among the different mate-
rials. In particular, the thermal diffusivities of X7R-1
and X7R-2 change from 5.63 cm?/s to 12.35 cm?/s and a
similar change occurs for Z5U-1 and Z5U-3. Interest-
ingly, there is no meaningful change in @ between Z5U-
3 and Z5U-3nb, as determined by fitting the data to the
expression in eqn. 1. Another feature shown by Table 11
is that the uncertainties which result from calculating
using the deviation of A¢ from a constant value are
much larger than those obtained using eqn. 1. The
increase in the uncertainty of @ results from the finite
number and spacing of the experimental values of the
frequency. This problem is aggravated by the low ther-
mal diffusivities of the materials under investigation.
Even though the specimens were machined to =600 pm
in thickness, the frequencies which would allow the
thermal waves to penetrate the specimen were below 15
Hz. Since «, determined by the deviation of A¢ from a
constant value, is directly proportional to the frequency
at which the deviation occurs (eqn. 2), even a 1 Hz
change in determining fy, would correspond to a 7%
change in «. For the XTR-1, Z5U-3, and Z5U-3nb speci-
mens, the upper frequency limit was even lower, result-
ing in larger changes in « for a 1 Hz change in f,,. In
comparison, eqn. 1 allows much finer determinations of
« because an entire range of data points is being used to
fit the calculated curve. Therefore, although the data are
restricted to the same frequency range, a change in the
value of the phase measured at f,, will have much less
effect on the determination of «. Therefore, while
evaluating « by eqn. 2 is straight forward and provides
reasonable approximations of «, fitting the data to
eqn. 1 results in more accurate values of @ with less
uncertainty.
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Figure 5. Values of thermal diffusivity for the 5 specimens
which were investigated. The figure shows the range of values
obtained in separate series of experiments.

Behavior of these materials under thermal stress
For rectangular geometries, it has been shown’® that
the thermal stresses in the materials will increase with
increasing values of E and with decreasing values of a.
Figure 5 is a plot of E/« for the five materials. The
larger the E/a ratio, the more susceptible the material
should be to thermal shock, provided that other parame-
ters like coefficient of thermal expansion are similar.
A study of the thermal susceptibility of the capacitor
chips manufactured® from these materials in fact demon-
strates that X7R-1 is more susceptible to thermal shock
compared to X7R-2; however, similar results were
not obtained when Z5U-1 and Z5U-3 were compared
because the coefficients of thermal expansion were
significantly different.

Conclusions

Thermal and ultrasonic waves have been used to mea-
sure thermal diffusivities and Young’s moduli in a set of
barium titanate based and relaxor dielectric materials
and these measurements have been used to clarify the
behavior of these materials under thermal stress appli-
cations.
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