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Abstract

In this paper the application of X-ray computed tomography (CT) to measure the material density distribution in pharmaceutical
tablets is discussed. X-ray CT is a non-destructive inspection technique which provides cross-sectional images in different planes
through a component. The CT image values provide information on the local X-ray attenuation coefficients. For a particular
material and X-ray energy, X-ray attenuation is approximately proportional to material density. Determination of quantitative
density distributions requires consideration of non-linear instrumental effects including scatter and “beam hardening”. Density
maps in tablets manufactured under controlled conditions are presented. The results are discussed with reference to the local
properties of the material within the tablet and the tablet design features.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction on differential machining, hardness tests or X-ray
shadow of lead grids placed in the compadacleod

Die compaction is a unit operation employed in and Marshall (1977have presented autoradiography

pharmaceuticals, powder metallurgy, ceramics and
other industries. During compaction complex move-
ments take place within the powder bed and interac-
tions occur between the powder and tooling, i.e. die
wall and punch faces. As a result density variations
are induced in the volume of the compact, which may
affect its physical and mechanical properties.

experiments using ceramic compacts possessing nat-
ural radioactivity and the density distribution patterns
were discussed in the context of die wall friction.
More modern techniques available to characterise
compact microstructure were summarised_bynutti
(1997) and include: X-ray CT, acoustic wave veloc-
ity measurements and nuclear magnetic resonance

Density measurements in powder compacts have imaging. X-ray CT has been applied to characterise
been carried out since the early 1900s as describeddensity distributions in powder compacts in various

by Train (Train, 1953 and included techniques based
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fields (annutti, 1997; Lin and Miller, 2000, 2001,
Kong and Lannutti, 2000; Burch, 2001a; Li et al.,
2002; Nielsen et al., 2003

Density variations in pharmaceutical tablets are in-
herent to the manufacturing process and are important
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because they may lead to differences in local proper-
ties, such as dissolution or mechanical response dur-
ing post-compaction operations, packaging, storage
and use.

The density distribution in tablets has been ex-
amined using surface hardness tests carried out on
cross-sections of the tabletsSifka et al., 2008
However, this destructive technique requires care-
ful specimen preparation due to the brittle nature of
the tablet. In addition, the resolution is limited by a
minimum spacing requirement between indentations.
X-ray CT, which is non-destructive and requires no
specimen preparation, is therefore well suited for such
materials. The porosity and morphology of granules
(Farber et al., 2003and preliminary assessments of
the structure of tabletsS{nka et al., 200Rwere re- Fig. 1. X-ray CT principle.
ported. However, quantitative X-ray CT results for
density distribution in powder compacts of size, shape  The resultant CT images are true cross-sectional
and materials characteristic to pharmaceutical tabletsimages, and show the geometry of the component in
have not yet been presented in the literature to the the plane of the cross-section. If an X-ray source with a
authors’ knowledge. small size (micro-focus source) is used, then the spatial

The main objective of this paper is to develop a resolution achievable can be very high (capto for
methodology for generating quantitative density maps mm sized components).
for pharmaceutical tablets. The particular features of The CT image values (grey-levels) provide infor-
X-ray CT data analysis are discussed for this class of mation on the material X-ray attenuation coefficient
powder compacts. The density distribution in model at each point in the image. There is considerable cur-
tablets manufactured under controlled conditions is rent interest in the correction for a number of effects,
discussed in detail with respect to the consequences forincluding especially “beam hardening”, which would
formulation design, process development and tablet allow the CT grey levels to be converted to values
image design. which are directly proportional to the local material

density Phillips and Lannutti, 1997Burch 2001a,p
Cabinet-based systems for real-time radiography
2. X-ray CT method contain suitable X-ray sources and detectors for in-
dustrial X-ray CT, and can be upgraded to provide

X-ray CT is a non-destructive inspection technique a CT capability by addition of a precision turntable
which provides cross-sectional images in planes and a PC with appropriate image acquisition cards,
through a componen@k, 1979. The principle of motor control capabilities and software for image
third generation CT imaging, as used in the industrial reconstruction and display.
context, is illustrated inFig. L The component is For the work described in this paper, the hardware
placed on a precision turntable in the divergent beam comprised a 225kV micro-focus X-ray cabinet sys-
of X-rays generated by an industrial X-ray source. tem as shown ifrig. 2 This included a detector con-
A detector array (line or area array) is used to mea- sisting of a 150 mm image intensifier with a CCD
sure the intensities of the X-ray beam transmitted camera generating real-time digital radiography im-
through the component, as the component is rotated ages (1024« 1024 pixels resolution, with 12-bit dy-
in the beam. A mathematical algorithriviérsereau, namic range). The CT capabilities were provided by a
1974 is then used to generate (or “reconstruct”) TOMOHAWK CT upgrade system produced by AEA
the CT images from the measured transmitted Technology, which included a precision turntable and
intensities. digital image acquisition card.

A
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Fig. 2. X-ray CT system.

For the quantitative measurement of density varia- wherep is the material density, is the material atomic
tions within industrial components using X-ray CT, a number,E is the photon energy, ara b are material
number of specialised extensions to the standard tech-constants.
nigue were developed as follows. Firstly, in order to ~ The X-ray attenuation was measured for differ-
minimise the effects of scattered radiation, collimators ent thicknesses of the material under examination
were used to limit the spread of the divergent X-ray using a set of equi-density calibration discs as de-
beam within the X-ray cabinet. scribed in the following section. This allowed a

In general, it is also necessary to measure and thenbeam hardening calibration curve to be drawn up. A
correct for the non-linear effects of beam hardening. mathematical function was then fitted to the mea-
This correction is necessary because the X-ray sourcesured calibration points, which allowed the attenu-
generates radiation having a broad spectrum of photonations from the test object to be “linearisedak,
energies. The dependence of the transmitted X-ray in- 1979, and hence corrected for beam hardening
tensity () on the linear X-ray attenuation coefficient effects.

of the material &) is given by Other corrections which are needed to obtain

I =Ipe ™ ) quantitative measurements of material density in-
clude:

wherelg is the incident X-ray intensityt, is the thick-

ness of material. e Correction using an empty field image. With the

As t.he beam passes.throughthe matgnal, the Ipwer X-ray source on, the specimen is removed from
energies are preferentially absorbed since the linear the view. The reasons for this correction are that:
X-ra_y attenugtion coefficient is energy dependent (af- (a) X-ray detectors are uneven in sensitivity and
terLin and Miller, 2003: are often more sensitive towards the centre, and (b)

bz38 the X-ray beam is also non-uniform, often being
w=r <a + W) @ stronger in the centre.
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e Correction using an image obtained with X-rays off. 3. Materials and tablet preparation
This correction is necessary because the detector
outputs are not necessarily exactly zero for zero  Tablets were manufactured using microcrystalline
X-ray flux. cellulose (grade Avicel PH102, manufactured by FMC
¢ “Ring” artefacts, which take the form of weak pat- BioPolymer, Cork, Ireland). The nominal mean par-
terns of concentric circles, are often present on the ticle size of the powder is 1Qom and the full den-
CT images generated by rotate-only third genera- sity of the material is 1520 kgm?. The tablets are
tion scanning systems. These are caused by coherentompressed under controlled conditions. The choice
detector noise or non-linearities in the detector ar- of these conditions is important as they influence the
ray. Special techniques for their removal have been density distribution as described below.
developed in the TOMOHAWK CT software. Two capsule shape tablets (Tablets A and B) of
e Detectors, especially image intensifiers, often have identical size but different cup geometries were com-
significant spatial distortion which needs to be first pressed, as illustrated ifig. 3a and bFor both tablets
measured and then corrected for during CT data the top cup presents a break-line while the bottom
acquisition. cup has the characters “MSD” embossEig). 3¢ The
e During a CT scan, which can take several minutes, characteristics of the tablets and the compaction forces
the X-ray flux can vary as a function of time, and are presented ifiable 1
hence component rotation angle. These variations The die was cleaned prior to compaction. The con-
need to be monitored and corrected. dition of the die is important because it affects the

(b)

(d)

Fig. 3. Tablets.
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Table 1

Tablet characteristics

Tablet Thickness (mm) Weight (g) Total volume (fm Apparent density (kg ) Compaction force (N)
A 3.904 0.190 159.72 1189 4000

B 4.194 0.175 143.25 1221 3500

friction interaction between powder and die during of friction between powder and die wall round, flat
compaction. A clean die results in a high friction coef- faced tablets are uniform. Therefore, in order to re-
ficient, which impedes the relative sliding of the pow- duce the effect of friction the dies were pre-lubricated
der with respect to the die and punches during com- by compressing pure magnesium stearate (a common
paction. This results in particular density distributions; pharmaceutical lubricant) prior to manufacturing each
a detailed discussion on such effects for round concave calibration disk. The characteristics of these tablets
faced tablets is given elsewhe@irtka et al., 2008 are given inTable 2

The powder was fed into the die carefully by hand
to achieve a uniform filling because the homogeneity
of the filling affects the final density distributions in 4. X-ray CT measurements
tablets. Both tablets were compressed in a die such
that the bottom punch was maintained stationary with  For the CT scanning of the tablets described in the
respect to the die. section above, it was first necessary to optimise the

The choice of the average density in the tablet is X-ray and imaging parameters, on the equipment be-
also significant. Starting from a uniform state after ing used. For the present material, which has rela-
die filling, the powder aggregate becomes inhomoge- tively low density and mean atomic numbé&g. (2)
neous during compaction. Towards the end of the com- shows that the X-ray attenuation is correspondingly
paction, when more and more regions of the material low. Indeed, to obtain adequate contrast on the digital
achieve near full density, the tablet becomes homoge- radiographic images, which provide the input to the
neous again. Motivated by numerical modelling work CT reconstruction algorithm, it was necessary to use
on the effect of friction on density inhomogeneity in the lowest X-ray voltage (40 kV) which gave adequate
round flat faced tabletsS{nka et al., 200} where X-ray flux within the constraints imposed by the de-
maximum density inhomogeneity was predicted when tector sensitivity. Improved signal to noise was also
the ratio of the average apparent density and the full achieved by increasing the on-chip integration time on
density of the powder was around 0.8, the target aver- the digital camera to 160 ms.
age densities for Tablets A and B were chosen around Measurements of X-ray attenuation were made for
1200 kg nm3. increasing numbers of the calibration discs given in

In order to generate the data necessary for beamTable 2 to quantify the effects of beam hardening for
hardening correction, round, flat faced calibration this material and X-ray energy. The results are given
disks were also produced. The requirement for these in Fig. 4, which shows that the logarithm &fiy was
compacts is that they are uniform. In the absence linearly proportional to the mass of calibration tablets
in the X-ray beam. As each tablet had closely simi-
lar diameters, this shows that for these conditions, any
beam hardening was negligible and the linear attenu-

Table 2
Characteristics of calibration discs

Tablet (\Q;e'gm (Hn?r'ﬁ; ! (Dn'f::;emr ?k‘;”nj'fg) ation coefficientu (Eqg. (1) was effectively constant
for all material thicknesses. This would not necessar-
CD1 0.144 1.951 8.756 1225 . :
CD 2 0.143 1945 8.751 1222 ily be the case for larger tablets of the same material,
CD3 0.145 1.969 8.757 1222 or different materials and/or X-ray energies.
CD4 0.144 1.957 8.754 1222 For the CT scanning of Tablets A and B, each was
CD5 0143 1.943 8.755 1222 mounted on the precision rotary turntable with their
CD 6 0.145 1.972 8.753 1222

axes vertical, and 3D CT data was then collected for
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Fig. 4. Correction for beam hardening.

each tablet by rotating 0—3B6QCT can be carried out in Fig. 5 and the horizontalX-Z cross-sections
for a half rotation of the specimen, but experience has through the mid-height of the tablets are presented in
shown that certain residual instrumental effects can be Fig. 6. The left hand edges of the images, where
further minimised by a full rotation through 0-3§0 the tablets were mounted on the stage of the
The angular increment used in these scans was 0.5 TOMOHAWK CT system, are not presented; how-
and at each angle 16 radiographic images were aver-ever, the available data suggest symmetry about the
aged to improve signal to noise. Smaller angular incre- tablet centre line. This is expected as the geometry
ments and greater numbers of image averages wouldis symmetrical and the die was filled as uniformly as
have further improved image quality, but at the ex- possible.
pense of longer scan times. Tablet A presents high density regions under the
break-line and in the band area—particularly at the
edge, as shown iRig. 5a The high density region ex-
5. Results and discussion tends around the entire tablet periphery—Bee 6a
The density reaches 1200-1300 kginlocally in
In the following we examine the density distribu- Some areas. The two very high density spots (around
tions in various cross-sections of Tablets A and B. 1400kgnt3) in Fig. 6acorrespond to the positions
The cross-sections are presented as indicated by thewhere the break-line, which is curved around the face
co-ordinate system given fig. 3d For ease of com-  of the punch, is at closest with respect to the bottom
parison all density maps are prepared using the sameof the tablet. Other regions, such as the profiles of the
colour scale, the labels indicating density in g¢n characters embossed in the bottom punch or at the top
The vertical Y-Z cross-sections (along the long of the tablet next to the break-line present densities
axis) at the centres of the tablets are presented of 800kgnT or below. The importance of such low



I.C. Snka et al./International Journal of Pharmaceutics 271 (2004) 215-224 221

(b)
Fig. 5. Density distribution inY—Z cross-sections.

density regions is that they may affect picking and the cup (where the characters are embossed) become
sticking and are prone to surface erosion, abrasion more extensive, while the high density areas become
or breaking during post-compaction operations such more localised. The high density regions around the
as transport, coating or packaging. In addition, the band area are diminished and there is little evidence
density distribution and associated properties near the of dense regions below the break-line.
break-line may affect the ability to effectively break Figs. 7 and 8presentX-Y cross-sections (paral-
the tablet in half. lel to the break-line) in two positions: next to the
Similar observations can be made for Tablet B as break-line and half way between the break-line and
illustrated inFigs. 5b and 6bThe density gradients the end of the tablet. For Tablet A the sizes of these
are amplified due to the particular geometry of the cross-sections are identical while for Tablet B the
cup. The regions of lower density at the top of the cup cross-section away from the centre is smaller due to
(to the sides of the break-line) and at the bottom of the shape of the cup region.

Fig. 6. Density distribution inX—Z cross-sections.
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(a)

Fig. 7. Density distribution inX-Y cross-sections adjacent to the break-line.

The low density region next to the break-line is il- cross-section adjacent to the break-line, 1050 k§ m
lustrated inFig. 7afor Tablet A, this feature vanishes (Fig. 7b.
away from the influence of the break-linEig. 89. The cross-sections iRigs. 8a and lrorrespond to
The overall density is uniform and the low density positions away from the break-line. It is interesting
regions in the cup area are less intense. The averageao observe that for both tablets the density around the
densities in the whole cross-section$rigs. 7aand 8a  band area at the top of the tablet is larger than at the
are similar, 1130 and 1140 kg, respectively. For  bottom. This effect is brought about by the sequence
Tablet B, however, the average density in the whole of punch motions employed: the bottom punch was
cross-sectionKig. 80 away from the break-line is  maintained stationary with respect to the die. The high
1140 kg n3, which is considerably higher than in the friction coefficient between powder and die wall re-

(b)

Fig. 8. Density distribution inX-Y cross-sections away from the break-line.
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sults in higher density at the top as the top punch is ularly low. In addition, unlike the bottom punch face
displaced downwards forming the tablet. which is filled with powder during the die filling, the
The density maps ifrig. 8a and bbear a resem-  powder at the top is initially level and thus the pow-
blance to density maps generated using indentation der must flow into the cup region of the upper punch
tests for round tablets with concave faces compressedas the initial compaction occurs.
from the same material in previous worlSifka The consequence of low and high density regions is
et al., 2003. In order to understand the origin of that the local properties of the powders are affected.
such density variations, it is instructive to summarise The strength of a porous material generally increases
this discussion. The main factors influencing density with density. From this point of view, low density
distribution in tablets are: regions may influence adversely the performance of
the tablets during post compaction operations such as
coating (i.e. low density regions may erode), packag-
ing, transport and use. In addition, the localised disin-
tegration and dissolution may be affected.

e constitutive behaviour of powder during com-
paction;

friction interaction between powder and die wall;
geometry of die and punches;

sequence of punch motion;

initial conditions, which relate to the state of the
powder in the die after filling.

6. Conclusions

We consider the case where the die is cleaned be- This work illustrates that X-ray microtomography
fore compaction, when the coefficient of friction be- can be applied successfully to examine density varia-
tween powder and die wall (and powder and punches) tion in low density porous materials such as pharma-
is high. As a result there is little or no movement of ceutical tablets. These compacts give low X-ray atten-
powder with respect to the punch face as the top punch uation, therefore non-linear experimental effects, such
makes progressive contact with the surface of the pow- as beam hardening and scattering of the X-ray radi-
der during compaction. Consequently regions around ation have small effects. However, quantitative den-
the band area, where the powder undergoes larger ver-sity maps require correction for all factors described
tical strains, become denser than those in the cup areaabove.

Clearly, Tablets A and B present these trends as pre- Quantitative density maps were produced in vari-
sented inFig. 5. ous cross-sections of model tablets, which were engi-

However, the results cannot be generalised. Even for neered to present large density variations. Given that
an axisymmetric (round) tablet the powder undergoes the full density of the material is 1500 kg, the
complex vertical and radial strain fields during com- presence of regions having a density of 800 kgfm
paction. If the friction coefficient between powder and or below, with other regions of 1400 kgTh or higher
die wall is reduced (i.e. by pre-lubricating the die wall density, indicates considerable inhomogeneity. Tablet
before compaction), relative sliding of the powder with compaction is a complex process and all contributing
respect to the punch face is made possible and oppositefactors discussed above have an inter-dependent in-
trends in terms of density maps can be obtairgdka fluence in determining the microstructure of a tablet.
et al., 2003, where high density regions develop in We stress that density maps such as those obtained
the cup and low density is induced in the band region. in this work should not be generalised and each sit-
These conclusions were substantiated by experimentsuation should be assessed individually. The use of
using the surface hardness technique to characterisenon-destructive X-ray microtomography allows one
density and by numerical modelling studies. to characterise the density distribution of an individ-

The geometry of Tablets A and B is however, not ual tablet and then further characterise the mechanical
axisymmetric. In this case the 3D density distribu- and/or dissolution behaviour. Comprehensive charac-
tion becomes more complicated. The presence of theterisation of the material response during compaction
break-line induces particular effects. Also, the letters and the friction behaviour together with detailed anal-
embossed on the bottom face of the tablets have a lo-ysis of compaction can aid formulation design, pro-
calised effect and the density in these regions is partic- cess development and tablet image design.
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