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1. Introduction

ABSTRACT

The mechanical property anisotropy of compacts made from four commercially available pharmaceu-
tical excipient powders (microcrystalline cellulose, lactose monohydrate, ascorbic acid, and aspartame)
was evaluated. The speed of pressure (longitudinal) waves in the uni-axially compressed cubic compacts
of each excipient in the three principle directions was determined using a contact ultrasonic method.
Average Young’s moduli of each compact in the axial (x) and radial (y and z) directions were charac-
terized. The contact ultrasonic measurements revealed that average Young’s modulus values vary with
different testing orientations which indicate Young’s modulus anisotropy in the compacts. The extent of
Young’s modulus anisotropy was quantified by using a dimensionless ratio and was found to be signif-
icantly different for each material (microcrystalline cellulose >lactose > aspartame > ascorbic acid). It is
also observed that using the presented contact method, compacts at high solid fraction (0.857-0.859)
could be differentiated than those at the solid fraction of 0.85 in their groups. The presented contact
ultrasonic method is an attractive tool since it has the advantages of being sensitive to solid fraction ratio,
non-destructive, requiring small amount of material and rapid. It is noteworthy that, since the approach
provides insight into the performance of common pharmaceutical materials and fosters increased process
knowledge, it can be applied to broaden the understanding of the effect of the mechanical properties on
the performance (e.g., disintegration profiles) of solid oral dosage forms.

© 2009 Elsevier B.V. All rights reserved.

measured in different directions and therefore are mechanically
anisotropic. Despite the widespread use of tablets as a dosage form,

Anisotropy is an attribute of a material with directionally
dependent characteristics. In anisotropic materials, the mechan-
ical properties vary with orientations or planes in which such
properties are measured. In the pharmaceutical industry, there
has been considerable interest on anisotropy and the difference in
mechanical hardness and strength between the parallel (axial) and
perpendicular (radial) compaction directions of tablets (Nystrom et
al., 1978; Ando et al., 1983; Alderborn and Nystrom, 1984; Newton
et al.,, 1992; Malamataris et al., 1996; Moe and Rippie, 1997; Edge
et al., 2001; Galen and Zavaliangos, 2005; Mullarney and Hancock,
2006; Wu et al., 2008). These studies have provided that compacts
produced via compaction process exhibit different mechanical
property values (e.g., tensile strength and Young’s modulus) when
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problems such as capping and lamination during tableting and
with the produced tablets occur commonly. Predominantly, active
pharmaceutical ingredients (APIs) exist as crystalline or amorphous
solids and they are typically mixed with excipients (inert ingredi-
ents) and compacted into pharmaceutical tablets on a high-speed
press. The blend of powders/granules is confined radially by a
rigid die while being compressed axially by the moving punch or
punches. When the compressional force is removed and the com-
pact forced out of the die, it expands radially and shear deformation
occurs as the elastic material rebounds, consequently, the process
creates a heterogeneous internal tablet structure. The compaction
of an anisotropic powder material, in terms of particle shape and
particle size, would be also expected to generate an anisotropic
compact (Edge et al.,2001), which further influences relevant tablet
characteristics such as Young’s modulus, tensile strength, porosity
and dissolution rate. Such tablet characteristics are critical to the
design of tablets and the performance evaluation of the relevant
manufacturing processes. For instance, for an isotropic, homoge-
neous tablet the axial and radial Young’s modulus values should


http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:bruno.c.hancock@pfizer.com
mailto:cetin@clarkson.edu
dx.doi.org/10.1016/j.ijpharm.2009.04.040

36 1. Akseli et al. / International Journal of Pharmaceutics 377 (2009) 35-44

be equal. However, non-uniform axial and radial compact recov-
ery following compaction (Aulton et al., 1973) preferred particle
orientation upon consolidation, particulate-die-punch interac-
tions (Li and Puri, 1996), the distribution of compressional force,
non-uniform density distributions within the compacts due to die
wall friction (Eiliazadeh et al., 2003; Wu et al., 2005), and the prop-
erties of materials in the mixture contribute to the non-uniformity
of the Young’s modulus and to the non-homogeneity of the tablet.
This non-uniformity may impact its disintegration profile (Indiran
et al., 1998; Saravanan et al., 2002; Mizumoto et al., 2005) and
the release rate of the medicament in the digestive tract, thus
potentially affects its therapeutic response (Indiran et al., 1998;
Saravanan et al., 2002; Mizumoto et al., 2005). In addition, it has
been reported that (Nystrom et al., 1978; Jarosz and Parrott, 1982;
Moe and Rippie, 1997; Edge et al., 2001; Galen and Zavaliangos,
2005) anisotropic behaviour of a pharmaceutical powder may sub-
sequently contribute to typical tablet manufacturing failures such
as capping and/or lamination upon ejection of the tablets from the
die.

In the pharmaceutical industry, for mechanical anisotropy
assessment of pharmaceutical materials, various techniques, such
as the flexure testing using both three- (Podczeck et al., 2006) and
four-point beam bending (Eichhorn and Young, 2001), indenta-
tion testing (Kuppuswamy et al., 2001) and compression testing
(Malamataris et al., 1996) have been introduced and discussed.
These destructive tests not only damage the structure of the tablet
and cause loss of product, but also provide limited information
about the mechanical state of the tablet. Moreover, complicated
sample preparations, demand for relatively large sample sizes
and time-consuming procedures limit their use in the phar-
maceutical industry. Therefore, for a better understanding of
mechanical anisotropy in a tablet, analyzing the mechanical prop-
erties of a tablet as a function of the testing direction is rather
useful.

For comprehensive quality assurance monitoring of solid dosage
forms in the pharmaceutical industry the U.S. Food and Drug
Administration (FDA) has initiated a now well-known guidance
program entitled the Process Analytical Technology (PAT), which
encourages the development and implementation of new tech-
nologies and procedures on how to characterize, evaluate and
monitor the critical properties of pharmaceutical powders (Hussain
et al., 2004). The purpose of the PAT guidelines is to increase
the understanding and the control of different manufacturing
processes to meet increased quality demands on pharmaceutical
preparations in terms of efficacy, safety, cost and higher product
reliability. The PAT guidelines are strong incentives for a “quality
by design” approach in pharmaceutical research and development
work, which requires an increased mechanistic understanding of
critical raw material properties that determine product function-
ality. An increased understanding of the manufacturing processes
and different process parameters that control the end-product and
how indicators of these can be monitored real-time is also nec-
essary in an adaptive tableting manufacture process. It is thus
essential to implement a practical approach to make the develop-
ment phase more effective, less time consuming and more material
sparing is generated in the area of pharmaceutical formulation
technology.

In the current work, a non-destructive contact ultrasonic
method was employed for quantifying the level of mechanical
property anisotropy in uni-axially compacted pharmaceutical com-
pacts and to investigate the degree of average Young’s modulus
anisotropy in these compacts in parallel (axial) and perpendicular
(radial) to the direction of compaction. Such information could be
helpful to broaden the understanding of the effect of the mechan-
ical properties on the disintegration profiles of solid oral dosage
forms.
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Fig. 1. Schematics of the (a) compaction apparatus, (b) contact ultrasonic mea-
surement directions. Compacts were marked on the top surface with a dot (@) to
enable testing of compacts in different directions to assess average Young’s modulus
anisotropy.

2. Materials and methods
2.1. Materials

In the reported study, a set of 11 cubic compact samples for
each of four commercially available pharmaceutical excipient pow-
ders, namely, microcrystalline cellulose MCC (Lot # GM2008516,
Avicel PH102, FMC Biopolymer, Newark, DE), lactose monohydrate
(Lot # GR00827, FastFlo, Foremost, Rothschild, WI), ascorbic acid
(Lot # E010004226, Spectrum, Gardena, CA), and aspartame (Lot #
GR00528, Spectrum, Gardena, CA) was used.

2.2. Methods

2.2.1. Compact preparation

Cubic compacts (3/8”) were formed by uni-axial compression
(~1 mm/s compression speed) using a custom built press that per-
mitted gradual triaxial decompression of the samples. Prior to
compression, the punch and die surfaces were sparingly lubricated
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Fig. 2. Schematic of the acoustic experimental set-up with a pair of 10 MHz trans-
ducers operating in pitch-catch mode (not to scale).
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with magnesium stearate suspended in methanol (5%, w/v). The the formation of high quality compacts. Each powder was com-
bottom punch was stationary while the top punch was moving pressed to a target solid fraction of 0.85 when possible, which
(similar to an eccentric tablet press). The compression dwell time is typical of pharmaceutical tablets (Hancock et al., 2003). The
was 1.5min and triaxial decompression time was 2 min to enable compacts were marked on the top surface in the direction of
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Fig. 3. (a-f) Longitudinal (pressure) acoustic waveforms for the two microcrystalline cellulose compacts in the axial (x) and radial (y and z) directions, respectively. Insets
depict the TOF values of the longitudinal acoustic waves.
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Fig. 3 (Continued ).

compaction with a dot (@) to enable testing of compacts in dif-
ferent directions to assess average Young's modulus anisotropy
(Fig. 1).

2.2.2. Contact ultrasonic measurements: mechanical property
characterization

Various mechanical and elastic properties of a material (e.g.,
Young’s modulus E and Poisson’s ratio v) can be extracted by mea-
suring the acoustic properties of a pressure pulse (longitudinal
waves) propagating in the material as the propagation of elastic
waves in a material is governed by such parameters (Achenbach,
1984). The experimental set-up developed for the reported ultra-
sonic evaluation consists of a pulser/receiver unit (Panametrics
5077PR), a pair of piezoelectric transducers with a central frequency
of 10 MHz (Panametrics 1807076), a digitizing oscilloscope (Tek-
tronix TDS3052) and a computer controlling the data acquisition
(Fig. 2). The contact ultrasonic measurement approach is based on
the measurement of the time-of-flight (TOF), the time for a pulse
of ultrasound to travel through the compact from the transmitting
transducer to the receiving one (Fig. 2). For the Young’s modulus
extraction, the two piezoelectric transducers were placed in direct
contact with the top and bottom surfaces of each flat-faced com-
pacted sample. A thin, adhesive plastic tape layer (d < A, where d is
layer thickness of the tape and A denotes the shortest wavelength
in the ultrasonic pulse) was used as an acoustic couplant instead of
glycerin gel in order to prevent damage to the compact. A square
electrical pulse from the pulser-receiver unit was launched into
the pitching transducer with a central frequency of 10 MHz. The
acoustic field transmitted through the compact was captured by
the receiving transducer in contact with the opposite face of the
compact, and digitized as a waveform by the oscilloscope (Fig. 3).

As can visually be identified, processing of the acquired waveforms
yields the TOF values of the longitudinal (acoustic) waves At in
the compacts (Fig. 3). Contact ultrasonic measurements were per-
formed in the axial (x) and radial (y and z) directions (Fig. 1) of the
same compact to assess the plane-to-plane TOF value variations. In
other words, experiments were conducted in different orientations
to evaluate the possible Young’s modulus anisotropy. The acquired
waveforms in the axial and radial testing directions of two MCC
compacts were included in Fig. 3. The longitudinal phase velocity
c is determined from the TOF of the longitudinal (acoustic) wave
Aty component in the medium by c; = h/At;, where h is the dis-
tance travelled in the sample. The longitudinal phase velocity ci
is a function of the mass density p of the propagation medium,
and the Young’s modulus E of the medium, that is, c, = \/E/p. The
average mass densities of compacts were determined from direct
mass measurements (Table 1). For the compacts tested, to deter-
mine the times-of-flight of pressure waves, a numerical routine
was used to record the time instants at which the signal amplitude
exceeded a certain limit slightly above the noise floor (Figs. 3-7);
these values were saved as the one-way arrival times At of the
pressure waves (Tables 2 and 3). For known compact thicknesses
h and arrival times At of the pressure waves, longitudinal phase
velocity ¢ values were determined for each compact as listed in
Tables 2 and 3. Using values of the longitudinal phase velocity
c. and mass density p, the average Young’s modulus E values of
compacts were calculated (Tables 2 and 3). In the reported con-
tact ultrasonic measurements, the TOF in the plastic tape, 0.23 s,
was subtracted from the determined TOF of each compact. In addi-
tion, the sampling periods of the acquired signals were 200 ns and
the oversampling rate set on the digitizing oscilloscope was set to
512.
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Table 1
Volumes, masses and mass densities of the compacts.
Compact no. Microcrystalline cellulose (Avicel Lactose monohydrate (FastFlo) Ascorbic acid ID# Aspartame ID#

PH102) ID# GM2008-516 ID# GM2008-512 GM2008-511 GM2008-510

V(mm?) M (mg) p(kg/m®)  V(mm?) M (mg) p(kg/m®)  V(mm®) M (mg) p(kg/m?)  V(mm?) M (mg) p (kg/m?)
1 956.20 1256.4 1313.95 922.08 1203.1 1302.60 925.89 1334.0 1438.08 928.76 1050.4 1126.45
2 954.19 1256.2 1316.51 922.08 1201.1 1300.43 925.89 1336.6 1440.88 931.62 1052.1 1124.81
3 958.09 1254.2 1309.06 922.08 1195.2 1294.03 926.83" 1340.9 1444.06 931.62 1055.3 1128.25
4 960.93 1256.4 1307.48 923.04 1198.3 1296.04 927.78 1329.9 1430.73 932.57 1045.9 1117.02
5 960.02 1255.3 1307.58 924.94 1204.6 1300.19 922.08 1322.6 1431.65 926.86" 1055.5 1134.26
6 951.20 1257.1 1321.59 922.08 1196.7 1295.66 925.89 1337.1 1441.42 928.76 1050.6 1126.66
7 959.98 1255.9 1308.26 912.55T 1193.1 1305.24 927.79 1337.8 1439.23 931.62 1051.4 1124.06
8 963.777 1305.1 1354.16 922.08 1198.3 1297.39 927.79 1333.6 1434.70 930.67 1044.6 1117.90
9 958.09 1259.5 1314.59 923.98 1201.6 1298.30 926.84 13283 1430.45 930.67 1050.1 1123.81
10 957.14 1254.5 1310.68 923.03 1196.9 1294.54 913.487 1341.7 1466.04 927.81 1034.3 1110.25
11 957.14 1258.1 1314.44 924.94 1202.2 1297.60 929.69 1340.3 1438.97 932.57 1049.8 1121.20
CV. 0.34 1.12 0.97 0.35 0.29 0.25 0.45 0.42 0.65 0.20 0.54 0.54

Superscript T denotes the compacts at high solid fraction (>0.85%; that is, <15% porosity). C.V. denotes the coefficient of variation.

3. Results and discussion

A non-destructive contact ultrasonic technique to determine the
average Young's modulus values and evaluate the possible Young’s
modulus anisotropy levels in commercially available pharmaceuti-
cal excipient powders was developed. The current technique was
based on the extraction of average Young's modulus values of the
compacts in the axial and radial testing directions. All the compact
samples were tested on the same day to reduce effects of aging and
ambient conditions on the measurements.

The comparison of the acoustic waveforms for the MCC, lac-
tose, ascorbic acid, and aspartame compacts acquired in the
axial and radial directions is depicted in Figs. 4-7, respec-
tively. Corresponding TOF and longitudinal phase velocity cp

values are listed in Tables 2 and 3. Among the four compact
groups, the lactose compacts exhibited a relatively high axial
average Young’s modulus values (Fig. 8), while the MCC com-
pacts exhibited a relatively low average Young’s modulus values
(Elactose >Easpartame > Eascorbic acid > Emcc). In contrast, as depiCted in
Fig. 8, in the radial direction (y- and z-direction) MCC com-
pacts demonstrated a relatively high average Young’s modulus
values than the other compacts, that is, Epcc > Easpartame > Ejactose > E
ascorbic acid- FOr each compact group, the radial average Young’s mod-
uli were comparable in the y- and z-directions; however, the axial
average Young's moduli were relatively different (Fig. 8). These
observations suggest that average values of the Young's moduli
depend on the testing orientations, and, therefore, the compact
materials are anisotropy. This is not surprising because uni-axially
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Table 2
Summary of the acoustic and mechanical properties of the microcrystalline cellulose and lactose monohydrate compacts. Percentage differences of the average Young’s moduli
extracted in the axial and radial directions are shown for each compact.

Atr* (s) At (us) At (ws) c* (m/s) cY (m/s) c1? (m/s) Ex (GPa) Ey (GPa) E, (GPa) % Maximum Solid fraction

difference E (SF)
MCC
1 5.991 4.022 4.014 1685.86 2419.19 2424.01 3.734 7.689 7.720 106.75 0.85
2 5.978 3.982 3.934 1691.21 2435.96 2473.31 3.765 7.812 8.053 113.89 0.85
8 6.017 3.878 3.990 1681.90 2509.03 2438.60 3.703 8.241 7.785 122.55 0.85
4 5.966 3.952 3.874 1701.31 2462.04 2511.62 3.784 7.926 8.248 117.97 0.85
5 5.942 4.011 3.986 1704.81 2428.32 2441.04 3.800 7.710 7.791 105.03 0.85
6 5.914 4.038 3.946 1711.19 2409.61 2448.05 3.870 7.673 7.920 104.65 0.85
7 5.962 3.990 3.962 1700.77 2438.60 2455.83 3.784 7.780 7.890 108.51 0.85
8T 5.874 3.806 3.854 1733.06 2556.49 2524.65 4.067 8.850 8.631 117.61 0.857
9 5.882 3.902 4,022 1720.50 2493.59 2419.19 3.891 8.174 7.694 110.07 0.85
10 6.002 4.014 3.942 1684.44 2424.02 2468.29 3.719 7.701 7.985 114.71 0.85
11 6.018 3.938 4.062 1679.96 2470.80 2395.37 3.710 8.024 7.542 116.28 0.85
C.V. 0.85 1.81 1.57 1.00 1.84 1.57 2.81 4.46 3.79
Lactose
1 4354 4,758 4.730 2218.65 2053.38 2065.54 6.412 5.492 5.557 16.75 0.85
2 4.322 4.686 4.698 2237.39 2084.93 2077.48 6.510 5.653 5.613 15.98 0.85
3 4.368 4.866 4.766 2190.93 2005.75 2049.94 6.212 5.206 5.438 19.32 0.85
4 4.346 4.686 4,678 2227.34 2082.80 2088.50 6.430 5.622 5.653 14.37 0.85
5 4.366 4.694 4.714 2219.42 2081.38 2072.55 6.405 5.633 5.585 14.68 0.85
6 4.358 4.688 4.718 2216.61 2084.04 2070.79 6.366 5.627 5.556 14.58 0.85
7" 4.364 4,682 4.642 2215.86 2086.72 2102.54 6.414 5.682 5.771 12.76 0.859
8 4.368 4.711 4.752 2213.83 2071.75 2055.98 6.359 5.569 5.484 15.96 0.85
9 4.346 4.712 4.652 2227.34 2073.43 2100.17 6.441 5.582 5.726 15.39 0.85
10 4,282 4,698 4.734 2258.29 2079.61 2063.79 6.602 5.599 5.514 19.73 0.85
11 4.386 4.683 4,678 2209.30 2086.27 2088.50 6.334 5.648 5.660 12.15 0.85
C.V. 0.65 1.16 0.85 0.76 1.16 0.83 1.54 2.37 1.81

C.V. denotes the coefficient of variation.
T denotes the compacts with high solid fractions (>0.85%; that is, <15% porosity).
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Fig. 6. (a—-c) Comparison of the acquired acoustic waveforms for the 11 ascorbic acid compacts in the axial (x) and radial (y and z) directions, respectively. (b, c) Insets depict
the compact03 and compact10 with high solid fraction.

Table 3
Summary of the acoustic and mechanical properties of the ascorbic acid and aspartame compacts. Percentage differences of the average Young's moduli extracted in the axial
and radial directions are shown for each compact.

At* (ws) At (s) At (ps) cX (m/s) c? (m/s) ci? (mfs) Ex (GPa) Ey (GPa) E, (GPa) % Maximum Solid fraction

difference E (SF)
Ascorbic
1 6.322 6.206 5.962 1534.32 1574.28 1638.71 3.385 3.564 3.862 14.09 0.85
2 5.914 5.998 5.973 1640.18 1628.88 1635.69 3.876 3.823 3.855 1.39 0.85
Bl 5.682 5.666 5.678 1707.15 1724.32 1720.68 4.208 4.294 4.275 2.02 0.858
4 6.214 6.189 6.291 1540.07 1578.61 1553.01 3.477 3.653 3.536 5.06 0.85
5 5.874 5.974 6.062 1644.54 1635.42 1611.68 3.872 3.829 3.719 4.11 0.85
6 5.411 5.942 5.994 1790.80 1645.91 1631.63 4.631 3.912 3.844 20.47 0.85
7 6.131 6.352 6.346 1582.12 1539.67 1541.13 3.603 3.412 3.418 5.60 0.85
8 5.714 6.151 6.018 1697.58 1589.99 1625.12 4135 3.627 3.789 14.01 0.85
9 6.598 6.122 5.974 1470.14 1595.88 1637.09 3.092 3.643 3.834 23.99 0.85
10T 5.766 5.738 5.694 1682.28 1706.17 1719.35 4149 4.267 4334 447 0.857
1 5.794 5.902 5.714 1672.42 1658.76 1711.59 4.002 3.937 4.191 6.45 0.85
C.V. 5.69 3.44 3.68 5.69 3.49 3.68 11.37 7.30 7.43
Aspartame
1 4.258 4.091 4114 2289.81 2385.72 2372.39 5.906 6.411 6.340 8.55 0.85
2 4.286 4134 4.122 2279.51 2360.91 2370.21 5.845 6.270 6.319 8.11 0.85
3 4.306 4.098 4.082 2268.93 2381.65 2393.43 5.808 6.400 6.463 11.28 0.85
4 4314 4.138 4.126 2264.72 2361.04 2367.91 5.729 6.227 6.263 9.32 0.85
51 4.194 4.038 4.022 2322.37 2417.04 242417 6.117 6.626 6.666 8.97 0.858
6 4.215 4.082 4.114 2313.17 2390.98 2372.39 6.028 6.441 6.341 6.85 0.85
7 4.342 4.178 4.174 225242 2333.65 2340.68 5.703 6.122 6.158 7.98 0.85
8 4.318 4.124 4122 2262.62 2366.63 2367.78 5.723 6.261 6.267 9.51 0.85
9 4322 4.154 4.106 2260.53 2349.54 2377.01 5.743 6.204 6.350 10.57 0.85
10 4.306 4.042 4.034 2266.60 2412.17 2416.96 5.704 6.460 6.486 13.71 0.85
11 4.302 4.091 4.126 2273.36 2388.17 2365.49 5.795 6.395 6.274 10.35 0.85
CV. 1.08 1.07 1.06 0.98 1.07 1.01 2.37 2.27 2.16

C.V. denotes the coefficient of variation.
T denotes the compacts with high solid fractions (>0.85%; that is, <15% porosity).
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Fig. 7. (a-c) Comparison of the acquired acoustic waveforms for the 11 aspartame compacts in the axial (x) and radial (y and z) directions, respectively. (a-c) Insets depict

the compact05 with high solid fraction.

compressed compacts have a discernable non-uniform relative
density distribution in their bulk structure (Train, 1957; Eiliazadeh
et al.,, 2003; Wu et al., 2005) which yields testing direction depen-
dent Young’s modulus values.

The average Young’'s modulus values of the MCC compacts
extracted in the axial (x) direction were consistent with val-
ues between 3.70GPa and 3.95GPa reported by Roberts et al.
(1994) and Hancock et al. (2000). It was observed that the axial
longitudinal phase velocity ¢f values determined for the MCC
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Fig.8. Average Young’s modulus values extracted in the three directions (x,y, z) from
contact ultrasonic measurements for different compacts with error bars showing the
standard deviation.

compacts (1679.96-1733.06 m/s) were substantially different than
those determined in the radial (2409.61-2556.49 m/s for c{ and
2395.37-2524.65m/s for ¢f) directions (Table 2). Processing of
the TOF values revealed that the average Young's modulus values
extracted for the MCC compacts were comparable in the radial (y, z)
directions; however axial direction displayed lower average Young’s
modulus values than the radial directions (Fig. 8). The longitudinal
phase velocity ¢ value variations in the axial and radial direc-
tions resulted in 104.6-122.5% differences in the average Young’s
modulus values for the MCC compacts (Table 2). For the lactose
compacts, the longitudinal phase velocity c; values acquired in the
y- (2005.75-2086.72 m/s) and z-direction (2049.94-2102.54 m/s)
were comparable to each other, however, for the same compacts
the longitudinal phase velocity ¢; values acquired in the x-direction
were slightly higher (2190.93-2258.29 m/s). These variations in the
cp values resulted in 12.1-19.7% difference in the average Young’s
modulus values (Table 2). For the MCC and lactose compacts the
coefficients of variation of the average Young’'s modulus values,
extracted in the same testing directions, are obtained as 2.7%, 1.5%
for the x-direction, 4.2%, 2.3% for the y-direction and 3.6%, 1.7%
for the z-direction, respectively (Table 2). The results for MCC and
lactose compacts (Fig. 8) indicate that lactose compacts into speci-
mens of relatively more homogenous structure compared to MCC.
It has earlier been suggested (Karehill and Nystrém, 1990) that
both MCC and lactose materials cohere by forming a similar type of
interparticulate attraction forces. Therefore, the differences in dis-
tribution of interparticulate attractions could be related to the way
the materials behave when subjected to compression (Karehill and
Nystrém, 1990). Typically lactose is considered to undergo a vol-
ume reduction by particle fragmentation and plastic deformation
while MCC undergoes predominantly plastic deformation (Karehill
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and Nystrom, 1990). This may imply that lactose could produce
a more homogenous bonding system than MCC (Newton et al.,
1992).

Ascorbic acid compacts showed relatively lower average Young’s
modulus values in the axial and radial testing directions than
the other materials (Table 3). Other researchers (Kassem and El-
Bayoumi, 1983; Kawashima et al., 2003; Mullarney and Hancock,
2004) have described this material as being unsuitable for direct
tableting due to its poorly compactable properties and having
low hardness and high friability. In contrast, aspartame compacts
demonstrated a relatively high average Young’s modulus values in
both axial and radial testing directions (Table 3). Despite its rela-
tively high average Young’s modulus values in all testing directions,
aspartame has been described as having high brittleness and poor
flowability (Mullarney et al., 2003), which could adversely affect
tablet homogeneity and contribute to lamination during roll and
tablet pressing in high proportions (Mullarney et al., 2003). For
ascorbic acid and aspartame compacts the coefficients of varia-
tion of the average Young’'s modulus values, extracted the same
testing directions, are 10.8%, 2.3% for the x-direction, 6.9%, 2.2%
for the y-direction and 7.1%, 2.1% for the z-direction, respectively
(Table 3).

For the compacts examined for this investigation, the degree
of Young’s modulus anisotropy (&) defined as & = E,y;a1/Eradial- The
ratio ¢ is unity for a homogeneous tablet and decreases as the
material inhomogeneity increases. The values of ¢ in the ascend-
ing order are as follows: MCC (0.47), lactose (0.85), aspartame
(0.92), and ascorbic acid (0.96). These data suggest that the aver-
age Young’s modulus of a compact may be related to and typically
trends with compact anisotropy. For instance, the MCC compacts
have the highest average Young's modulus values (radial direc-
tions) (Fig. 8) and they have the highest degree of Young’s modulus
anisotropy. These results could also indicate that MCC deforms elas-
tically to a larger extent during compression compared to other
compacts. Therefore, this could cause an increased elastic expan-
sion of the compact during the decompression-ejection phase
of the compact (Newton et al., 1992). This is a relevant obser-
vation since MCC powder commonly used as a filler-binder in
both wet-granulation and direct compression processes (Bolhuis
and Armstrong, 2006) and typically creates highly robust tablets.
However, as reported in Mullarney and Hancock (2006), MCC
has a high tensile strength (6.4 MPa); therefore its high tensile
strength might be acting to compensate its intrinsic Young’s modu-
lus anisotropy, thus enables robust compact formation and reduces
tendency for capping by maintaining strong interparticulate
bonds.

Compacts at a high SF (0.857-0.859) were also differentiated
from the compacts at a SFof 0.85. It seems reasonable that compacts
at a SF of 0.85 are containing relatively more microscopic voids or
flaws than those with high SF, which weaken the system and thus
decreasing the stiffness of the compacts. MCC compact08, lactose
compact07, ascorbic acid compact03 and compact10 and aspartame
compact05 were compressed to relatively high SF (0.857-0.859,
that is, <15% porosity); therefore their average Young’s modulus
values were different than those at a SF of 0.85 (Tables 2 and 3).
From the acquired acoustic waveforms, it was observed that in the
x- and y-direction MCC compact08, in the y- and z-direction lac-
tose compact07, ascorbic acid compactO3 and compact10 and in
both axial and radial directions aspartame compact05 at high SF
(0.857-0.859) were differentiated among other compacts in their
groups. This is a particularly notable result since the solid fraction
levels of these compacts were 1.1% higher than other compacts.
In other words, decrease in porosity with increasing compaction
force for these compacts results in increase in their longitudinal
phase velocity c; values, and consequently increase in their average
Young’s modulus values (Tables 2 and 3).

4. Conclusions and remarks

A non-destructive contact ultrasonic method is implemented
for determining the mechanical anisotropy in pharmaceutical
compacts made by uni-axial compression. Measurable degrees of
average Young’'s modulus anisotropy are detected in powder com-
pacts. Analysis revealed that powder compacts with higher average
Young’s modulus (e.g., Eycc in radial directions and Ej,¢se in axial
direction) also have higher average Young’'s modulus anisotropy
(MCC > lactose > aspartame > ascorbic acid) suggesting that they
are more likely to have non-uniform stress and density distri-
bution induced during uni-axial compression. From the analysis
of the acoustic waveforms, powder compacts at higher solid fac-
tion appear to be clearly discernible from the other compacts in
their groups. The measurement of the average Young’s modulus
anisotropy in pharmaceutical excipient compacts may be an indi-
cator of tablet hardness and may help to describe the disintegration
profiles of uni-axially compressed compacts. The described non-
destructive contact ultrasonic method has the potential to identify
quality and dissolution rate problems related to the anisotropic
behaviour of the pharmaceutical excipient materials early on the
formulation process and, consequently, reduce associated cost and
material waste. However, it is noteworthy that a separate experi-
mental study for each material is required for forming an accurate
correlation between the material Young’s modulus and its dissolu-
tion properties.
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