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Non-destructive ultrasonic evaluation of 
CaCOs-filled polypropylene mouldings 

B. BRIDGE, K. H. CHENG 
Department of Physics, Brunel University, Kingston Lane, Uxbridge, Middlesex, UB8 3PH, UK 

The dynamic elastic moduli and Poisson's ratio of calcium carbonate-filled polypropylene 
mouldings have been determined for a continuous range of filler Ioadings of between 0 and 
40% volume fraction. Measurements were made non-destructively on bulk samples in the form 
of plates 2cm × 2cm square and 3mm thick, at 5 MHz. The composition dependences of the 
elastic properties are compared with the Hashin and Shtrikman bounds for two-phase materials. 
All data were in close correspondence with the lower bound, suggesting that the fill particles 
were well dispersed, relatively free of agglomeration, well bonded to the matrix, and that particle 
sizes were much less than 2/4, i.e. much less than 100 #m, where 2 is the wavelength of 
compressional waves. 

1.  I n t r o d u c t i o n  
The potential of ultrasonic methods for the non- 
destructive inspection of filled polymers is so great 
that it is surprising how few inroads in this direction 
have yet been made. There are, of course, numerous 
ways to use ultrasound for materials evaluation because 
of the complexity of its interaction with atomic and 
molecular systems and structural inhomogeneities. 
Several of these methods are applicable to filled poly- 
mers. By devising appropriate experiments, it is feas- 
ible to determine the size, shape and distribution of 
filler particles, to detect agglomeration, to study the 
quality of the filler-matrix interface (i.e. the bonding), 
to evaluate stress distributions [1, 2], and detect micro- 
porosity. Most of the structural characterizations so 
obtained, with the possible exception of residual stress 
analysis, are done very well already by a combination 
of techniques such as SEM, electron spectroscopy for 
chemical analysis (ESCA), optical microscopy, X-ray 
and neutron diffraction, ashing, etc. However, these 
methods have to be performed on sections, fracture 
surfaces, or by other destructive means. Alternatively, 
non-destructive surface analysis techniques are clearly 
restricted by the "skin effects" present in mouldings. 
In contrast, ultrasonic evaluation, apart from being 
non-destructive, can be performed on large polymer 
samples, several millimetres to several centimetres 
thick, with no limit in principle on the cross-sectional 
area of the sample. In this context the only com- 
petitors to ultrasonic technique are radiography and 
thermography, methods which the authors are evalu- 
ating in parallel with the ultrasonic approach. 

2. Theoretical considerations 
The present report concerns perhaps the simplest of all 
ultrasonic evaluation techniques for filled polymers, 
i.e. comparison of the composition dependence of 
experimental (dynamic) elastic moduli with theoretical 
bounds. For quasi-statically applied stresses the well- 
known formulae of Hashin and Shtrikman [3-7], for 
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the bounds for bulk and shear moduli of a two-phase 
material in which the second phase is in the form of 
particles, are 
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where the subscripts U and L denote upper and lower 
bounds, respectively, subscripts 1 and 2 denote the 
matrix and the particulate phase, respectively, and V 
is the volume fraction. 

It is noteworthy that these bounds are not indepen- 
dent, since they are obtained merely by reversing the 
roles of matrix and filler in the analysis. Equivalent 
upper and lower bounds for the longitudinal modUlus, 
L, Young's modulus, E, and Poisson's ratio, a, are 
obtained simply by combining Equations 1 to 4 with 
the well-known relationships 

L = K + ~C (5) 

a = E/2(1 + o 9 (6) 

K = EG/3(3G -- E)  (7) 

The Hashin and Shtrikman bounds apply for an 
arbitrary size and shape distribution of particles 
provided only that there are many particles in the 
volume element (the averaging volume) over which 
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mean moduli are measured, and that the particle 
dimensions are small compared with the dimensions 
of the volume element. When the particles are spherical, 
the lower bound actually becomes exact, irrespective 
of the particle distribution. When the particles are not 
negligible compared with the volume element men- 
tioned hitherto, wider bounds on the elastic moduli 
hold. Thus, when the second phase is in the form of 
layers parallel to or perpendicular to the axis of strain, 
the Voigt and Reuss bounds [5, 6] hold respectively, 
i.e. 

Kv = (1 - //2)/£1 + /I2/£2 (8) 

6v = (1 - V2)G, + V2G2 (9) 

- + - -  ( 1 0 )  
KR K,  K 2 

1 1 - 1 / 2  V2 
GR - G~ +G2 (11) 

For long fibres running parallel to, or perpen- 
dicular to the strain axis, bounds in between the 
Hashin and Shrikman bounds at one extreme, and the 
Voigt and Reuss bounds at the other, will hold. 

So far we have talked only about quasi-statically 
applied stresses but we are concerned with ultrasonic- 
ally applied stresses, and corresponding dynamic 
measurements of G and K from the bulk and shear 
wave propagation velocities, CL and CT respectively, 
as given by 

= (12) 

Cr = (13) 

where ~ is the mean sample density. 
In ultrasonic propagation the stress and strain vary 

spatially and the dynamic elastic moduli are deter- 
mined by the ratio of these quantities at a "point," i.e. 
the averaging volume has dimensions small compared 
with wavelength 2 in the propagation direction. It 
follows that provided the filler particles have dimen- 
sions very much smaller than a wavelength in the 
propagation direction, we might reasonably expect the 
bounds on the dynamic moduli to be given by Equations 
1 to 4, and 8 to 11, derived for the quasi-static case. An 
alternative way of expressing the same idea is to say 
that if particle sizes are not negligible compared with 
2 (more stringently 2/4), interference effects between 
incident and scattered waves will take place at each 
filler-matrix boundary [7-9]. This will cause elastic 
moduli to be a function of the wavelength and particle 
dimensions, an effect which is not predicted by the 
Hashin and Shtrikman "quasi-static" boundary con- 
ditions. Thus it is interesting to note that large agglo- 
merates in a material nominally expected to contain a 
uniform dispersion of spherical particles of size much 
less than 2/4 will show up as a deviation of the elastic 
moduli from the lower Hashin and Shtrikman bound. 
If unusual residual stress distributions at the filler- 
matrix interface violate the boundary conditions impli- 
cit in the Hashin and Shtrikman theory, deviations of 
experimental moduli from the theoretical bounds might 

again be expected. This tempts us to add that in static 
modulus measurements the strain levels are such that 
irreversible deformations take place, and it is doubtful 
whether the theory is applicable anyway in this case. 
Ultrasonic measurements are performed at very small 
and reversible strain levels - probably giving much 
better prospects for the theory to agree with experi- 
ment when particle sizes are appropriate. 

For our first experiments the CaCO3-polypropyl- 
ene system was chosen because it is of some practical 
interest. Filler particle sizes of micrometre size, to 
meet the above-mentioned "wavelength" constraint, 
are readily obtained. 

3. Experimental sample preparation and 
ultrasonic measurements 

The polypropylene used was supplied by Polypropy- 
lene Marketing, ICI Plastics Divisions, Welwyn 
Garden City, Hertfordshire, UK. It was in the form of 
powder under the trade name "Propathene GW522M" 
and was of density 0.905gcm -3. The calcium car- 
bonate was supplied by OMYA (Brohler Strasse II, 
5000 K61n 51, FRG). It was a fine, white, high purity 
filler under the trade name "Millicarb" and of density 
2.7 gcm 3. 
rigged with two hoppers. The matrix and filler were 
contained separately in the two hoppers, and by 
adjusting the relative feed rates of the hoppers, batches 
of polypropylene filled with varying volume fractions 
of calcium carbonate were produced. The extruded 
strips were granulated and then compressed into 
sheets of dimensions 2mm x 10cm x 10cm and 
3 m m  x 10 cm x 10 cm. Small samples of area 2 cm x 
2 cm were then cut out of each plastic sheet to study 
the deviation of composition within each sheet and 
special care was taken to exclude the voids which were 
inevitably present near the edges of the compressed 
plastic sheets (see Fig. 1). 

By calibrating the throughput rates of the two hop- 
pers, the volume fractions of the constituents in the 
extruded plastic could be calculated. However, the 
values of volume fractions obtained in such a way 
were far from reliable due to the fluctuation in the 
feeding rates of the hoppers and the inherent inade- 
quacy in the mixing power of the extrusion machine. 

More accurate determination of the compositions 
of the filled plastic was achieved by considering the 
fact that the volume of a composite material, with no 
chemical reaction between the two phases, is the sum 
of the volumes of the constituents. It is easy to derive 
that the volume fraction of the filler phase (V2) is given 
by 

V2 _ ~ - -  ~ l  (14) 
02 -- Q~ 

using the same subscripts as previously. 
Since the densities of the matrix and filler were 

available from the suppliers' information, only the 
density of each sample was required to determine the 
volume fractions of the two phases. This was done by 
measurements using the Archimedes method in which 
a sample was first weighed in air, and then in a suitable 
liquid. Distilled water was used in the measurements 
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for the samples of densities greater than unity and 
methanol was used for those with lower densities. The 
following calculation yields the required density (~): 

(weight in air) = 
(weight in air) - (weight in suitable liquid) 

× (density of the liquid) (15) 

Ultrasonic pulse echoes were propagated through 
the 2cm x 2cm faces by the use of broad-band 
pulser-receiver (Panametrics, USA, Model 5052PR) 
and 5 MHz broad-band contact probes (12.5 mm dia- 
meter compressional from Ultrasonoscope Ltd, UK, 
and 5mm diameter shear Model V156 Serial No. 
48133 from Panametrics). Echoes were displayed on a 
broad-band oscilloscope (Tetronix Model 2445, 
150 MHz). Time differences between any two points of 
interest in the echo trace were measured by a high- 
performance digital delay generator (Berkeley Nucle- 
onics, USA, Model 7030). Techniques for velocity 
measurement by using the first quarter-cycle of r.f. 
above the noise as a reference in each echo of interest, 
has been described elsewhere [10-12]. Coupling fluids 
used were Nonaq stopcock grease (G-530) for compres- 
sional waves and a clear thixotropic fluid (P3-7570 
from Telidictor, UK, Ltd.) for shear measurements. 

Measurement of the time lag between successive 
echoes was only possible for the determination of 
compressional velocity. The attenuation of shear 
waves by the plastic material being studied was so 
great that the second echo was barely distinguishable 
from the background noise. Another technique known 
as the velocity comparison method was therefore 
employed for shear velocity determination. Shear 
waves were first propagated into a reference block 
and, by manipulating the time-base setting of the 
oscilloscope and the delayed trigger pulse from the 
digital delay generator, only the first echo was displayed 
and made to occupy the full screen of the oscilloscope 
so as to increase the measurement accuracy. Without 
altering the settings of the instruments, shear waves 
were then sent into the sample and the shift in position 
of the first echo was noted. 

The shear velocity in the sample was given by the 
following expression: 

t r - -  tp : t s 
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2d 
t r - -  t s 

2d 

tr - -  ts  

where tr = travel time of shear waves in the reference 
block, tp = travel time of shear waves in the plastic 
sample, ts = shift in position in terms of time and 
d = thickness. 

The essential feature of the whole measuring system 
is the programmable digital delay generator (Model 
7030 from Berkeley Nucleonics Corporation, 1198 
Tenth Street, California 94710).Precise delay controls 
are obtained by counting pulses from a built-in 
100 MHz oscillator for a preset period of time which 
is determined by the front panel switches. An input 
signal triggers a counter to start and, after a predeter- 
mined number of clock pulses has been counted, 
delayed data are accepted. This unit combined with 
the trigger selector to allow any part of the oscillos- 
cope trace to be observed and its time relative to the 
delay pulse to be measured absolutely to _ 0.5 nsec or 
0.01%, depending on which one is greater. Small 
travel-time differences between different samples, 
however, can be measured to a much greater precision 
of 100 psec, which is the time jitter of the digital delay 
pulse. In this way, a precision of 1 in 105 could be 
obtained in the travel-time measurements for the 
purposes of sample comparison. 

The thicknesses of the samples were measured by 
using a micrometer with an accuracy of _+ 0.005 mm. 
For compressional velocity determination, thicknesses 
of several points on a sample within the ultrasonic 
probe contact area were measured and the mimimum 
of the thicknesses was used to calculate the com- 
pressional velocity. On the other hand, due to the 
relatively small diameter of the shear-wave probe 
used, the central thickness of a sample was used for the 
shear velocity calculation. 

It will be evident from the previous discussions on 
the time measurement equipment and density measure- 
ments that the accuracies of ultrasonic wave velocity 
and elastic modulus measurements are determined 
solely by the tolerances on the sample thicknesses. 
These tolerances in turn were fixed entirely by the 
moulding technology: quite deliberately we decided 



20 

15 

p_ 

I . -  

..1.- 
t..:3 

0 

"1'- 
I . -  

/ 

'50o lodo 
FEED SETTING 

Figure 2 Calibration of the Plasticolor Proport ioning Uni t  (with 
conveyor screw 17/25) containing polypropylene powder 
GW522M. At  various feed settings o f  the hopper, ten measurements  
of  the throughput  rates were made. The maximum,  mean and 
min imum of  ten measurements  at each feed setting were determined 
and are indicated by the error bars. 

against grinding and polishing the samples to optical 
parallelism since we could then hardly claim to have a 
practical, viable, non-destructive evaluation technique, 
given the time-consuming nature of such preparations. 

4. Results 
Two hoppers were used for feeding the extrusion 
machine, namely the Plasticolor Proportioning Unit 
with conveyor-screw 17/25 for the polypropylene 
powder (Woywod Plaststore, Wendelsteinstrasse 6 
8032, Grafelfing, FRG) and a feeder (K-Tron-Soder, 
AG, 5702 Niederlenz, Schweiz Suisse, Switzerland) for 
the calcium carbonate powder. The feeding rates of 
materials were calibrated against the settings of the 
hoppers and the results are given in Figs 2 and 3. 

Having done the calibration, samples of different 
compositions were obtained by varying the relative 
feeding rates of the hoppers and the theoretical com- 
positions obtainable are given by the straight line in 
Fig. 4. Also shown in Fig. 4 are the mean, maximum 
and minimum of the actual compositions, determined 
by measuring the densities of the samples, resulting 
from various settings of the hoppers. These give a 
reliable indication of the scattering within a par- 
ticular, nominally uniform composition. 

It is clear from Fig. 4 that the deviation of the actual 
compositions from the expected compositions, as well 
as the variation within a nominally uniform com- 
position, increase towards both low and high calcium 
carbonate (CaCO3) concentration regions. This can 
be attributed to the increased significance of the fluc- 
tuation in feedings rates of the hoppers at low C a C O  3 

content and the inadequacy in mixing efficiency of the 
extrusion machine at high C a C O  3 content. Neverthe- 
less, the hoppers seem to give a fairly good control on 
the extrudate composition over the range from 7 to 
25% by volume of CaCO3. 
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Figure 3 Calibration of  the feeder for 
CaCO 3 powder. At various settings of the 
hopper ten measurements  of  the through- 
put  rates were made. The maximum,  mean 
and min imum of  the measurements  at each 
feed setting are indicated by the error bars. 
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Figure 5 Composition dependence of compressional wave velocities. Error bars indicate means and standard deviations. True volume 
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Figure 6 Composit ion dependence of shear wave velocity. 

It will be observed that the standard deviations in 
the velocity measurement data are of the same order 
as the error in the thickness measurements (_+ 0.2%), 
confirming that the prevision time-of-fight technique 
employed added little to the thickness measurement 
above. A complete history of  the sample preparation 
and measurements performed is given in Table I. Even 
though some of the data contained therein are repeated 
in subsequent figures, this table gives a convenient 
summary of  the potential of ultrasonic measurements 
as a non-destructive evaluation technique, since all the 
errors and standard deviations at each measurement 
stage are contained here. Of particular interest is the 
tolerance on the sample thicknesses as this is the 
weakest part of  the whole technique. 

Figs 5 and 6 show, respectively, the experimentally 
determined relationships between the compressional 
and shear velocities and the compositions of  the 
samples. Both graphs show a common trend. The 
addition of CaCO3 causes an initial decrease of  vel- 
ocity, followed by an increase. The minimum com- 
pressional velocity occurs at about 6vol % CaCO3 
while the minimum shear velocity occurs at about 
3 vol %. In the graphs, every point represents the 
mean value of five independent measurements on 
an individual sample, i.e. measurements made with 
five different probe-specimen bonds. Five repeated 
measurements on each sample should give a good 
indication of  the reproducibility of  the experimental 
results. The standard deviation of the five measure- 
ments was calculated for each sample and is represen- 
ted by an error bar associated with each experimental 
point. For  compressional velocity measurements, the 
maximum and mean of  the standard deviations 
among all the samples were found to be 11 and 
6 m sec-~, respectively, while those for shear velocity 
measurements were respectively 16 and 8 m sec ~. 

From velocities and densities of the samples, 
the elastic moduli were calculated by manipulating 
Equations 5 to 7, 12 and 13. For  every sample, five 
values of the respective moduli were obtained but, for 
the sake of clarity, only the mean of  the five values was 
plotted in Figs 7 to 10. No error bars were drawn 
in the graphs but the maximum and mean of the 
standard deviations among the samples should give 
a good indication of the reproducibility of  the results 
(as shown in Table II). 

Also shown in Figs 7 to 10 are the theoretical limits, 
given by Voigt, Reuss and Hashin and Shtrikman, 
which govern the elastic moduli of two-phase materials. 
These theoretical curves were drawn by knowing the 
elastic moduli of the two end-members, i.e. pure poly- 
propylene and pure C a C O  3. The 0% CaCO3 samples 
provided the elastic moduli of  pure polypropylene. 
The mean values of  the respective elastic moduli of the 
various 0% samples were used and were found to be 

K = 4.294 x 109pa 

G = 1.439 x 109pa 

E = 3.883 x 109pa 

a = 0.3493 

The elastic moduli for CaCO 3 were given by Mason [8] 

T A B  L E I I Standard deviations of  measurements  

Modulus  Max imum standard Mean of  the standard 
deviation deviations 

K 0.02 GPa 0.01 GPa  
G 0.04 GPa 0.02 GPa  
E 0.07 GPa 0.04 GPa 
a 0.004 0.002 
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a s  

K = 67.0 x 109pa 

G = 33.1 x 109pa 

It will be observed that the Hashin and Shtrikman 
bounds, although the narrowest that can be deduced 
without making special and specific assumptions 
about the phase geometry, are rather wide. This is 

because of the large ratio between the moduli of  the 
pure matrix and pure filler phases. Nevertheless we 
have the striking results that all experimental values of  
all moduli lie close to the lower theoretical bound 
(upper bound in the case of  Poisson's ratio). The 
agreement is better than 8% on average (and much 
better at the higher filler concentrations) even though 
the upper and lower bounds differ by several hundred 
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Figure 8 Composition dependence of shear modulus. 'H.S.U.' and °H.S.L.' denote Hashin and Shtrikman upper and lower bounds 
respectively. 
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Figure 9 Composition dependence of Young's modulus, 'H.S.U.' and 'H.S,L.' denote Hashin and Shtrikman upper and lower bounds 
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per cent. Thus, from the arguments of Section 2 we 
conclude that the filler particles are (i) uniformly 
dispersed, (ii) are approximately or exactly spherical, 
(iii) are mostly of dimensions much less than 2/4 
(which is about 100 #m for compressional waves), (iv) 
there are very few agglomerates or voids, (v) the filler- 
matrix bonding is consistent with the boundary con- 
ditions required of Hashin and Strickmanns' theory. 

These views have been confirmed to a substantial 
degree by the use of another novel non-destructive 
technique. A microfocus radiograph of a 3 mm thick 
sample with 20% volume fraction of filler, was taken. 
The radiograph was taken using the first microfocus 
tube produced by Pantak Ltd [9], which has a state-of- 

the-art lO#m focal spot - allowing individual filler 
particles of dimensions down to 10 #m to be observed 
under appropriate circumstances. Unfortunately the 
contrast in the radiograph was two poor for it to be 
reproducible in this paper. Work is in hand to produce 
improved radiographs in the future. 

5. Conclusions 
Our results are rather undramatic in that they have 
confirmed that the CaCO3-polypropylene specimens 
produced were well-behaved ones. However, the 
precision of measurement achieved confirms the 
potential of this non-destructive technique for evalu- 
ating bulk quantities of poor, ill-fabricated materials. 
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Figure 10 Composition dependence of Poisson's ratio. 'H.S.U.' and 'H.S.L.' denote Hashin and Sbtrikman upper and lower bounds 
respectively. 
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Other more elaborate ultrasonic tests involving 
scattering experiments, for example, are planned to be 
performed on the same specimens. 
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