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Abstract 

We hypothesize that if the kinetics of tablet compression for materials such as acetaminophen are more fully 
understood and quantified, the parameters that emerge may be used in rational approaches to understand and solve 
time-dependent problems such as capping. The objective of our work was to obtain two deformation kinetic 
parameters for the predominant barrier to deformation of acetaminophen crystals, the activation volume CL&,,,) and 
the activation energy (E,,,) from the results of tablet stress relaxation by using intervening models which relate 
single crystal behavior to the behavior of the compact. The stress relaxation of acetaminophen was monitored at 
varying temperatures using an Instron stress strain analyser and single crystal hardness values were determined by 
microindentation. Qt was determined to be 56” for acetaminophen from two different sources. The E,,, for flow 
was determined to be 660 kJ molP’. It is probable that the predominant deformation mechanism is climb which is a 
thermally activated process requiring mass transport by diffusion. Diffusion itself is expected to be extremely slow 
relative to that observed in many engineering materials because of the larger Burgers vector and the directional 
intermolecular hydrogen bonds. The difference between the relative densities of two sources probably is a result of 
their different particle shapes as observed by SEM. The measured relationship between hardness and temperature 

was linear. 

Key words: Acetaminophen; Deformation kinetics; Non-linear three-element mechanical model; Stress relaxation; 
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1. Introduction 

Capping problems arise during the compaction 
of acetaminophen and other materials from the 
consequences of many factors. It is generally ac- 
cepted that the amount of air trapped in the 
tablet during processing, lot-to-lot variation of 

* Corresponding author. 

compression materials and particle sizes and par- 
ticle shape play crucial roles during tablet com- 
paction. Excess air trapped in a tablet could be a 
driving force for capping. Materials from alterna- 
tive sources may have similar chemical composi- 
tions, however, they also may exhibit different 
physical properties (e.g., particle size and shape). 
Particle behavior in processing and compaction is 
a function of particle size, shape, density and 
surface. These interact in a complex manner to 
give the total particle behavior pattern (Fell and 
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Newton, 1971; Pilpel and Walton, 1974; Lieber- 
man and Lachman, 1981). In this theoretical 
study, it is conjectured that, all things being equal, 
capping may result from a combination of the 
viscoelastic properties of the particles and poor 
interparticle bonding. The net interparticle bond 
strength is assumed to be the product of the 
strength of adhesion and the true interparticle 
contact area, the latter resulting from plastic de- 
formation under compression. The release of 
elastic strain of the particles during decompres- 
sion tends to disrupt the interparticle bonds. The 

relative amounts of permanent (plastic) and re- 
versible (elastic) deformations are time depend- 
ent and excessive elastic recovery may arise from 
the too rapid movement of the punch in the 
compression and decompression stages, there- 
fore, the quantitation of visdoelastic parameters 
of pharmaceutical materials is a crucial first step 
in any attempt to predict capping. Once the im- 
portant kinetic parameters for a material are 
defined and measured, they can be used in more 
elaborate models of tablet compaction that, by 
considering bonding and time-dependence, could 
be used to predict capping. 

Many different approaches have been used to 
study the process of tablet compaction in an 
attempt to develop a parameter, an equation, or 
a model to evaluate the time dependence of the 
process and to predict or prevent the problem of 
capping. These include acoustic emission (Tetel- 
man et al., 1972; Waring et al., 1987), residual die 
wall pressure and compression cycles (Carless 
and Leigh, 1974; Obiorah and Shotton, 1976; 
Doelker and Shotton, 1977; Obiorah, 1978), axial 
and radial tablet tensile strength (Fell and New- 
ton, 1968; Nystriim et al., 1978; Alderborn and 
Nystrom, 19841, tablet densification behavior 
(Heckel, 1961a,b; Hersey and Rees, 1970; Fell 
and Newton, 1971; Humbert-Droz et al., 1983; 
Duncan-Hewitt, 1988), tablet stress relaxation 
(Cole et al., 1973; David and Augsburger, 1977; 
Rippie and Danielson, 1981; Sheikh Salem et al., 
1984; Casahoursat et al., 1988; Yu et al., 1989), 
capping indices (Krycer et al., 1982), elastic re- 
covery/ plastic compression or elastic recovery/ 
stress relaxation ratios (Bangudu and Pipel, 1984; 
Malamataris et al., 1984; Esezobo and Pilpel, 

1986; Yu et al. 1988), indices of tableting perfor- 
mance (Hiestand and Smith, 1984; Hiestand, 
1991) and single particle models of tablet com- 
paction (Britten and Pilpel, 1978; Arzt, 1983; 
Duncan-Hewitt and Weatherly, 1989a,b; Pa- 
padimitropoulos, 1990). With the exception of the 
approach used by Duncan-Hewitt and Weatherly 
(1989a,b) and Papadimitropoulos (19901, existing 
methods to quantify viscoelasticity of pharmaceu- 
tical materials provide empirical fitted parame- 
ters that do not take tablet porosity into account 
and which have not been validated by alternate 

means. 
The goal of our work is to obtain parameters 

which can be used to predict tableting kinetics 
from single particle parameters. The activation 
energy (E,,,) and the activation volume (VI,,) 
derived from the stress relaxation test are such 
fundamental parameters that can be inserted into 
the final kinetic expressions associated with sin- 
gle-particle based models of tablet compaction. 
The stress relaxation of metallic single crystals, 
polymeric materials and compacts of sodium 
chloride and potassium bromide have been stud- 
ied extensively and quantified in this manner, but 
no investigations have been undertaken for or- 
ganic crystalline materials. Acetaminophen, 
widely used in the pharmaceutical field, is an 
excellent organic model. During tablet manufac- 
ture of this material, capping is a frequent prob- 
lem which may occur either while the tablet is 
ejected from the die or during further processing 
and handling. This problem is solved empirically 
by modifying the granulation process or by de- 
creasing the rate of compression during in-pro- 
cess control, however, these methods do not solve 
the problem directly; furthermore, they will affect 
tablet quality and increase the cost of manufac- 
turing. The work described in this paper provides 
the information that will form the basis of a more 
fundamental approach to the solution of capping 
problem. 

Two models are used to link the microscopic 
activation parameters with the kinetics of tablet 
stress relaxation: 
(i) According to the microscopic point of view 

provided by Krausz and Eyring (1975), defor- 
mation kinetics at high stress levels is con- 



M.-C. Lin, W.C. Duncan-Hewitt /Internaiional Journal of Pharmaceutics 106 (1994) 187-200 189 

comes plastic strain. The result can be pile-up 
distant from the contact zone itself. This may 
not be true for highly viscoelastic polymers 
with more uniformly varying strain behavior. 
Regardless of the final tablet porosity, the 
relaxation curves should become superimpos- 

able when plotted together, regardless of the 
maximum force applied to the punch. 

2. Background 

Dmcmn of Flow 

Fig. 1. An illustration of how an applied stress alters the 

potential energy barrier for viscoelastic flow: CT, applied stress; 

A, dislocation distances in each dimension (Krausz and Eyring, 

197.5). 

(ii) 

trolled by activation in the forward direction 

over a single energy barrier (Fig. 1). This 
analysis considers the motion of one defor- 
mation unit: a molecule, a dislocation, or 
groups of dislocations depending upon the 
circumstances. The behavior of one such unit 
is connected to the macroscopic behavior of 
an entire crystal using the Halsey-Eyring three 
element model of stress relaxation. 

An indentation model that relates tablet stress 
relaxation with that at interparticulate re- 
gions was adopted in our work on the basis of 
the assumption that the interparticulate con- 
tact area remains constant during stress re- 
laxation. If this is so, the contact area which 
is measured from the microindentation test at 
10 s (the standard indentation time) can be 
used to calculate the true contact stress from 
the punch stress at 10 s. If these assumptions 
are correct, then the procedure should nor- 
malize all stress relaxation curves for a given 
material. The justification is as follows: no 
further movement is imposed by the punch 
after its movement is arrested. The plastic 
zone is not actually in the contact area, but in 
a hemispherical zone beneath it. It is then 
assumed that for truly elastic/plastic materi- 
als (as described by Marsh, 1964) the elastic 
strain at the elastic/plastic boundary be- 

2. I. Deformation kinetic analysis 

Rapid plastic deformation is governed primar- 
ily by the threshold stress for dislocation motion 
(the critical resolved shear stress for yield), how- 
ever, if the temperature of the test is increased 
(> 0.4 of the absolute melting temperature), ther- 
mal activation usually influences the rate of de- 
formation (McClintock and Argon, 1966). On av- 
erage atoms or molecules in condensed phases 
occupy equilibrium lattice positions and are oscil- 
lating about the minimum of the free energy 
wells. When stress is applied work is done on the 
system and the potential energy of the molecules 
is increased and stored in a reversible (i.e., elas- 
tic> manner. Plastic flow will occur when the 
atoms move under the combined effect of the 

applied stress and thermal activation into a new 
equilibrium valley forming new bonds while 

breaking the previous bonds. This process can be 
compared with a chemical reaction in which the 
composition remains constant but the arrange- 
ment of the molecules changes. 

According to the equilibrium theory estab- 
lished by Arrhenius, the rate of a reaction is the 
sum of the rates of molecules going both from 
reactant to product state in the forward direction 
and from the product state to the reactant state 
in the backward direction, therefore the total rate 
constant K can be expressed as: 

K, + K, =A, exp( -AE,/kT) 

+ A, exp( -A E,/kT) (1) 
where A, is a frequency factor, AE, and AE, 
are empirical activation energies in the forward 
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and backward directions, respectively, k denotes 
Boltzmann’s constant and T is the absolute tem- 
perature. 

For an elementary, first-order deformation, the 
strain rate (i/ can be derived from Orowan’s 
equation as: 

where F is force, (T denotes stress, A is area, d 

represents distance, I’,,:,,, is activation volume and 
T the shear stress. Substituting Eq. 13 into Eq. 6 
and 7: 

+ = abp,K (2) 

where CY is a geometrical factor relating the active 
slip system to the shear strain direction, b repre- 
sents the Burgers vector and pm is the mobile 
dislocation density. The constant (Y and b are 
known accurately for single crystals, while pm and 
K are functions of stress, strain, temperature and 
structure. These concepts are combined as fol- 
lows: 

+t = K, exp(r&,,/kT) ( 14a) 

K, = R, exp( -AE,/kT) ( 14b) 

fh = K, exp( -TY,,,,/kT) ( 15a) 

K, = R, exp( -AE,/kT) ( 15b) 

Assuming that the activation volumes, activa- 
tion energies and pre-exponential factors are the 
same in both the forward and backward direc- 
tions, then: 

+ = R, exp( -AE,/kT) + R, exp( -AE,/kT) Ytotal = K [exp(rV,,,,/kT) - exp( -rV,,,,/kT)] 

(3) (16) 

R,=abp,A, (4) 

R, = abp, A,, (5) 

At equilibrium, the activation barrier is sym- 

Noting further that: 

sinh x = 1/[2( eX - eP>] 

Eq. 16 now becomes: 

(17) 

metrical so that A E, = A E, = A E,, where A E, is 
the equilibrium barrier height. The net strain rate 
under these conditions is zero. If a force is ap- 
plied to the system, the forward and backward 
barrier heights are changed by the associated 
work (IV): 

jf=R,exp[-(AE,-W,)/kT] (6) 

-jl, = R, exp[ - (AE, + W,)/kT] (7) 

where IV, is work performed to lower the activa- 
tion energy barrier in the forward direction and 
W, denotes work performed to increase the acti- 
vation energy in the backward direction. From 
the definition of work, stress and activation vol- 
ume, the following relationships are obtained: 

jtotal = K/ [2 sinh( r l/,,,/kT) J (18) 

At high levels of stress, the deformation is 
usually controlled primarily by activation over 
one barrier in the forward direction, so that: 

jltotal=?r=Rf cxp[-(A&-Wr)/kT] (19) 

jtotar = 4 exp( -AE,/kT + TI&/k’J’) 

-?,,,,, = R, exp(AE,/kT) exp( -rY,,,/kT) 

(20) 

W=Fd 

o-= F/A 

W=Ada 

v,,, = Ad 

w = vv,,, 

w = TVact 

(8) 

(9) 

(10) 

(11) 

(12) 

(13) 

The strain rate is not measured in a stress 
relaxation experiment. The shear stress rate can 
be substituted if the relationship between the two 
is known. The Halsey-Eyring three-element model 
(consisting of a linear spring and a non-linear 
dashpot in a parallel configuration) often is satis- 
factory deformation kinetic analysis using in this 
model is performed as follows. In stress relax- 
ation the strain rate of the non-linear Maxwell 
element of the three-element model must satisfy 
the condition that the total strain rate (i/,,,,) is 
equal to 0. The following relationship between 
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shear stress rate (+I and strain rate (f> then 
results: 

Ytot = i/,1 + Yvisco = O (21) 

?el = - fvisco (22) 

qe, = i/E (23) 

- yvisCO = i/E (24) 

i= -E&_ (25) 

where E is the apparent elastic modulus which in 
practice is a composite value for the material and 
testing system in series. Substituting Eq. 20 into 
Eq. 25: 

i = R’ exp( E,,,/kT) ( - ~V,,,/k7’) (26a) 

R’ = ER, (26b) 

or 

ln( i) = In R’ + (E,,,/kT) - T( L&,/kT) (26~) 

From Eq. 26c, the experimental activation vol- 
ume CL&> can be determined from the slope of 
the line derived by plotting - In(shear stress rate) 
vs (average shear stress) at constant temperature. 
The experimental activation energy (I&,,) can be 
calculated from the slope of the line which results 
from plotting l&hear stress rate) vs the inverse 
of the absolute temperature at constant stress 
(Krausz and Eyring, 1975; Duncan-Hewitt, 1988; 
Papadimitropoulos, 1990). 

The Burgers vector b is the unit deformation 
distance and often equals the dimensions of the 
unit cell. It is customary to express the activation 
volume of a deformation mechanism in Burgers 
vector units. The activation volume is associated 
with the size of the deformation region, for exam- 
ple, if deformation occurs by molecular diffusion, 
it may be on the order of 

2.2. Microinden ta tion 

Microindentation tests 

the molecular size. 

measure the resistance 
of a material to plastic deformation in a contact 
configuration. In this procedure a diamond in- 
denter of specific geometry [pyramidal symmetri- 
cal (Vickers) and rhombic-based asymmetrical 
(Knoop)] is pressed at right angles into the sur- 
face of the material under a given load, then 

removed from the surface. Subsequently the area 
of the permanent impression is determined 
(Westbook and Conrad, 1973; Duncan-Hewitt, 
1988). The hardness or mean confined yield stress 
of materials is usually calculated from P/A, 
where P is the applied load and A represents the 
true area of contact or the projected area of 
contact. The Vickers Hardness Number (VHN, 
136” pyramid) is calculated from the mean length 
of the diagonals of an indentation and is equal to 
the mean stress across the true area of contact. 

VHN = load/area of contact = 1.854 P/d’ MPa 

(27) 

where P is the applied load (in N) and d denotes 
the mean indentation diagonal (in mm>. 

Since microindentation tests can be used to 
obtain the hardness of crystals with very small 
loads, it is particularly useful for studying the 
plastic deformation of small, brittle crystals such 
as many pharmaceutical materials, including ac- 
etaminophen. Indentation parameters are partic- 
ularly useful in the present case because the 
contact area derived from the hardness of single 
crystals can be used to correlate tablet stress 
relaxation with deformation kinetic analysis. 

It is assumed that a material yields in the 
contact configuration according to the Von Mises 
yield criterion with an added elastic constraint 
factor. The Von Mises yield criterion assumes 
that yielding occurs by slip or twinning and that 
these are caused by the shear components of 
stress (McClintock and Argon, 1966). The con- 
straint factor is a function of the geometry of the 
contact. 

The constraint factor for the indentation of 
acetaminophen was found to be - 2.39 (Duncan- 
Hewitt, 1988). Therefore, the relationship be- 
tween the hardness and the shear stress adopted 
in our model is as follows: 

H=F/A (28) 

7 = H/(2.396) (29) 

where T is the shear stress, H denotes the hard- 
ness and fi arises from the Von Mises yield 
criterion (McClintock and Argon, 1966). 
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Because tablet stress relaxation results from 
contact deformation of randomly oriented parti- 
cles, It is impossible to obtain a precise estimate 
of the yield behavior of individual slip systems, 
but the activation parameters remain valid. 

3. Materials and experimental methods 

3.1. Stress relaxation 

Two lots of very fine crystalline acetamino- 
phen powder (Rhone-Poulenc Sante, RIC No. 
11622801, MI No. F-05136, and RIC No. 
11622801, MI No. F-02815, made in the U.S.A. 
and France, respectively) were used as received. 

An Instron stress strain analyzer (Model 4201) 
equipped with Series IX computer software (Ver- 
sion 4.010 and a printer (Hewlett Packard R, 
Think Jek 22250 was used for tablet compaction 
and stress relaxation measurement. Two kinds of 
13 mm stainless-steel dies and punches (square 
and cylindrical shapes), were used to make the 
compacts. Compacts were made at temperatures 
ranging from - 20 to + 70°C. For temperatures 
above 25°C a 13 mm square stainless-steel die 
surrounded with an environmental chamber 
equipped with controlling heater was used. For 
temperatures below 25°C a 13 mm stainless-steel 
cylindrical die equipped with a 100 R platinum 
thermocouple was employed. The temperatures 
were controlled by a mechanical cooling acces- 
sory (DuPont R, No. 9904766907,623) and were 
monitored by an electronic detector (Canlab R 
TT4003). Compact thickness was measured using 
a digital micrometer (Mitutoyo R Digimatic Indi- 
cator). Data analysis was performed using a Mac- 
intosh LC computer. 

Prior to each compression the die and punches 
were cleaned with methanol and dried, the die 
wall and upper and lower punch surfaces were 
lubricated with a 1% suspension of magnesium 
stearate in acetone. then the die was with filled 
about 0.7 g of acetaminophen crystalline powder 
which was accurately weighted. The Instron was 
recalibrated prior to each compression and the 
material was compacted using the compression 
program. The rate of punch displacement was 1 

mm/ min during compaction. At maximum punch 

travel (at loads of 2.5, 3.5 or 4.5 kNI the move- 
ment of the cross-head was arrested and stress 
relaxation was monitored for 2 min. At least two 

runs were performed at each stress level. Com- 
pacts were also made at temperatures ranging 
from - 20 to + 7O”C, since stress relaxation was 
monitored at various temperatures to permit the 

calculation of the activation energy. 

3.2. The Vickers hardness test 

Acetaminophen, received as a fine crystal- 
line powder (RhBne-Poulenc Sante, RIC No. 
11622801, MI No. F-05136, made in U.S.) was 
recrystallized from a 50% acetone solution to 

produce crystals which were sufficiently large (2-S 
mm) for microindentation experiments. 

Microindentation testing was performed using 
a Tukon miniload microindentation hardness 

tester (Model 300) equipped with a 136” Vickers 
diamond pyramid indenter and a microscope unit. 
For the temperatures above and below 25°C a 
microscope heating stage (Leitz 3.50) was installed 
on the tester and connected with a temperature 
controlled bath (Ultratern 2000, VC thermostat 
circulation). The temperature were monitored us- 

ing an Omega thermocouple which was con- 
nected directly to a stainless-steel disc placed 
under the crystals. Since water will deposit on the 
crystal at temperatures below the dew point, high 
purity (not less than 99.5%) nitrogen was passed 
continually through the stage. 

An acetaminophen crystal was mounted in a 
thermally conductive aluminum oxide paste 
(Wakefield thermal compound No. 120-21 with 
the surface ({210)) to be indented oriented nor- 
mal to the indentation direction. This was 
achieved by maximizing the intensity of light rc- 

fleeted from the surface when the crystal was 
viewed under the microscope attachment. The 
10 X objective was used to select an indentation 
site and the 50 X objective was used to observe 
the indentation. 

The indenter was cleaned with acetone and 
allowed to dry. It was then lowered slowly onto 
the surface of the crystal by a hydraulic mecha- 
nism over a period of 15 s and the full load was 
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maintained for 10 s. The indenter was subse- 
quently raised automatically. At these loads, at 
least one diagonal of the indentation was usually 
clearly defined. A 136” diamond pyramid inden- 
ter Nickers) (depth/ breadth/ length = 1: 4.29 : 
30.53) was employed and indentations were mea- 
sured using the scale in the eyepiece of micro- 
scope which was calibrated daily. The mean di- 
ameters of six indentations was used to calculate 
the average hardness value. The tests were per- 
formed at temperatures varying from -20 to 
+7o”C to assess the role of temperature-depend- 
ent flow. 

4. Results 

The hardness values obtained between -20 
and + 70°C decreased linearly with increasing the 
temperature (Fig. 2). 

4.1. Activation volume 

The activation volumes, calculated from plots 
of -(In shear stress rate) vs shear stress (Fig. 3 

Fig. 2. The temperature vs hardness plot for acetaminophen 

crystals from lot F-05136. 

and 4) using Eq. 26c were 5 _t 0.8b3 (SE = 0.302, 
p = 0.0001) and 5 f 1.021~ (SE = 0.408, p = 
O.OOOl), respectively, for the acetaminophen from 
the two different sources (Table 1). It is probable 
that the predominant deformation mechanism is 
climb which is a thermally activated process re- 
quiring mass transport by diffusion. This activa- 
tion volume is comparable with that found for 

Table 1 

Summary of deformation kinetic data at 298 K for acetaminophen lot F-0536 and F-02815 

Source Sample Maximum Weight(g) Thickness (mm) 

load &N) 

Density (g cm-“) 

F-05136 ACE1.2.3 2.5 0.768 + 0.004 5.937 f 0.027 0.976 k 0.005 

(U.S.A.) ACE7.8 3.5 0.767 * 0.003 5.843 + 0.022 0.993 f 0 

ACE13.14 4.5 0.765 + 0.006 5.703 f 0.0720 1.012 * 0.005 

F-02815 ACE45 2.5 0.759 f 0.004 6.220 + 0.023 0.920 f 0.001 

(France) ACElO. 1 3.5 0.757 + 0.004 6.001 + 0.030 0.950 * 0 

ACE16.17 4.5 0.757 _+ 0.013 5.882 + 0.073 0.970 k 0.006 

Sample Maximum Relative density Slope (s-t) r2 V,,, MS) 
load (kN) 

ACE1.2.3 2.5 0.755 * 0.004 2.802 + 0.181 0.832 5 f 0.6 

ACE7.8 3.5 0.768 + 0 2.697 + 0.536 0.901 5+ 1.4 

ACE13.14 4.5 0.783 + 0.004 2.506 + 0.284 0.821 5 + 0.7 

ACE4.5 2.5 0.712 f 0.001 3.072 + 0.334 0.823 6 ? 0.7 

ACE10.11 3.5 0.735 + 0 2.294 + 0.438 0.805 5 * 0.7 

ACE16.17 4.5 0.750 f 0.004 2.032 + 0.945 0.524 4 f 0.7 

Lot no. F-05136: ACE1.2.3, ACE7.8 and ACE13.14; true density 1.293; V&t = 5 + 0.8 b3; lot no. F-02815: ACE4.5, ACE10.11 and 

ACE16.17; true density 1.293; k$, = 5 f 1.0 b3. 
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Average shear suess (MPa) 

Fig. 3. The -It&hear stress rate) vs (average shear stress) 

plots for acetaminophen lot F-05136 compacts compressed at 

a maximum load of 2.5, 3.5 and 4.5 kN at room temperature. 

sucrose (2b’) under similar conditions (Duncan- 
Hewitt, 1988). A relatively higher activation vol- 
ume such as that found for sodium chloride (54b”) 
probably is associated either with a Peierls- 
Nabarro or cross slip mechanism of dislocation 
motion. The data are summarised in Table 2. 

A ACEl7(45W 0 

-0 .- 
- 

1 7 lOf.5 lb8 108.5 lb9 

Average shear smess @IPa) 

Fig. 4. The - InCshear stress rate) vs (average shear stress) 

plots for acetaminophen lot F-02815 compacts compressed at 

a maximum load of 2.5, 3.5 and 4.5 kN at room temperature. 

Table 2 

Properties of the material used in this study compared with 

those of sucrose and sodium chloride 

Material Hard- Activa- Activa- E T,, 
ness tion tion (MPa) (“C) 

(MPaJ volume energy) 

(b’) (kJ/mol) 

Sucrose a 645 2 106 21000 190 
Sodium chloride ’ 213 ’ 54 120 43000 C 797 

Acetaminophen 445 5 658 8400 il 170 

‘I From Duncan-Hewitt (1988). 

h From Papadimitropoulos (1990). 
’ From Lawn and Wilshaw (1975). 

4.2. Actiuation energy 

The slopes of the plots of ln(shear stress rate) 
vs l/T (Fig. 5) were used to calculate the activa- 

tion energy (660 + 130 kJ mol-‘, n = 39, SE = 

0.07, p = 0.02). 

5. Discussion 

The difference between the relative densities 
of the two sources of acetaminophen (Table 1) 
probably is a result of the particle shape as ob- 
served by (SEM) at 2000 X and 500 X magni- 
fications (Figs. 6 and 7). While the particle shape 
and therefore the initial packing and com- 
pactability are different for the two lots of ac- 

etaminophen, the activation parameters CV;,,, and 
E,,,) are the same, indicating that the underlying 
deformation behavior is identical. For a given 
level of stress the contact deformations of the 
materials arc identical, which suggests that the 
former differences probably arise from differ- 
ences in the function which relates particle shape 
and coordination number (Jones and Pilpel, 
1966a-; Pilpel and Walton, 1974; Lieberman and 
Lachman, 1981). These results differ from those 
reported by Duncan-Hewitt and Weatherly 
(1989a,b) who found that the compaction of brit- 
tle materials is independent of particle size. This 
difference may arise from the fact that relatively 
low maximum compaction forces were employed, 
so that fracture did not yet essentially equalize 
the average particle size of the two lots. 

The hardness of materials is a measure of the 
constrained resistance to plastic deformation 
which is thermally activated. Increasing the tem- 
perature causes the average internal energy of 
the molecules to increase, so that more molecules 
overcome the activation energy for flow. We com- 
pared the normalized relationships of hardness 
and temperature using the log(H/E) vs T/ T,, 
plot (Fig. S), where H is the hardness, E denotes 
the elastic modulus, T is the temperature and T,, 
the melting temperature, for several materials 
[alumina, silicon (ceramic materials), sodium 
chloride, ice, acetaminophen and sucrose]. For 
this purpose, the values of the hardness and 
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elastic modulus for the first four materials were The error for the elastic moduli for acetami- 
taken from Frost and Ashby (1982) and those for nophen and sucrose is about 50%, because the 
the last two materials from Duncan-Hewitt (1988). values were derived by a depth of focus measure- 
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Fig. 5. Arrhenius plots for acetaminophen lot F-5136 used for the activation energy determination (E,,, = 660 kJ mol-‘. n = 39, 

SE = 0.07, a = 0.02). 



Fig. 6. Scanning electron micrographs at SO0 x (left) and 2000 x (right) magnifications for acetaminophen lot F-051% 

ment of microindentations. The logarithmic scale 
is used to permit comparison with deformation 
mechanism maps (Frost and Ashby, 1982). We 

concluded that: (1) pharmaceutical materials be- 
have in a manner similar to that of several com- 
mon ceramic materials if one takes the relative 
bond strengths into account; and (2) of the mate- 
rials shown, acetaminophen resists deformation 
the most. This is due, in part, to the relatively 
small elastic modulus with which the hardness 
value is normalized. When stress is applied, re- 
versible deformation behavior is favored highly 
which provides the driving force for capping. 

Plastic flow in crystalline solids is influenced 
by lattice structure and the type of bonding pre- 
sent, intrinsic lattice defects (e.g., vacancies, in- 
terstitials, voids) and extrinsic lattice defects (e.g., 
impurities). The first factor, the lattice structure 
and type of bonding, is the most important in that 
it establishes the base behavior of brittle materi- 
als. 

Dislocations are the primary source of of plas- 
ticity in a crystal. The energy associated with the 
dislocation varies with the width of the disloca- 
tion, the area over which the lattice distortion is 
spread (Fig. 9 adapted from Davidge, 1979). In 
ductile metals or ionic crystals, the total distor- 
tion is spread over a relatively large volume and 
the variations in energy (as a function of distance 
from the centre of the dislocation) are small as is 
the total barrier height. For example, the ES,,, of 
pure nickel is 284 kJ molK ’ and the E;,,, of 
sodium chloride is 120 kJ mol-’ (Frost and Ashby, 
1982). Conversely, in covalent crystals or other 
crystals formed by highly directional bonds, the 
total deformation is highly localized over a rela- 
tively small volume and the energy density associ- 
ated with the dislocation is large. For example, 
silicon has an activation energy of approx. 500 kJ 
mol-’ (Frost and Ashby, 1982) and acetamino- 
phen crystals, assembled by hydrogen bonds, pos- 
sesses an E,,,, for flow of 660 kJ mol- ‘. It is this 
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Fig, 7. Scanning electron micrographs at 500 x (left) and 2000 X (right) magnifications for acetaminophen lot F-02815. 

energy that must be overcome if flow is to occur. 
When the activation parameters of ac- 
etaminophen are compared with those of other 
materials, the effects of the directional hydrogen 
bonds on flow are apparent. For materials such 
as these, fracture is likely to occur before signifi- 

cant flow can take place. 
If the mechanism of flow truly is climb (as 

demonstrated by V,,,), then the E,,, should be 
similar to that for self-diffusion. Therefore, the 
type of future experiment suggested by the data is 
a measurement of self-diffusion which normally is 
performed by radiolabelling techniques. How- 
ever, in the present case, the diffusion in ac- 
etaminophen crystals might be expected to be 
slow because of the following reasons: (1) the 
acetaminophen molecule is quite large. From a 
materials’ standpoint, the flow unit must consist 
of the entire acetaminophen molecule unless de- 
composition occurs, so that the Burger’s vector is 
also large (a = 1.3688 nm, b = 1.0000 nm, c = 

1.5103 nm), i.e., the diffusion distance is longer; 
(2) acetaminophen crystals form primarily by in- 
termolecular hydrogen bonding which links the 
molecules to each other to form a pleated sheet 
parallel to the xz plane and the sheets are stacked 
along the y direction by van der Waals forces to 
form a rough and thick molecular structure. As a 
result, there will be higher entropic components 
to the free energy for diffusion. 

Eq. 30, derived from the Krausz and Eyring 
expression, can be used to compare the strain 
rates of sodium chloride and acetaminophen at 
different levels of stress: 

i = --~‘j = --E/A exp( Tl!,,,/kT) (30) 

If it is assumed that the system is much stiffer 
than the materials being tested, then the elastic 
modulus values of approx. 40000 for sodium 
chloride and 8000 for acetaminophen can be used. 
The resultant plot of In&train rate) vs shear stress 
is shown in Fig. 10. Under the conditions of the 
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Fig. 8. Normalized hardness vs temperature plots for sodium 

chloride, silicon, ice, alumina, acetaminophen and sucrose. 

The values for the first four materials were taken from Frost 

and Ashby (1982) and those for the last two materials from 

Duncan-Hewitt (1988). The error for the elastic moduli of 

acetaminophen and sucrose is about 50%, because the values 

were derived by a depth of focus measurement of microinden- 

tations. The logarithmic scale is used to permit comparison 

with deformation mechanism maps (Frost and Ashby, 1982). 

displacement 

Fig. 9. The energy associated with a dislocation varies with the 

width of the dislocation and the area over which the lattice 

distortion is spread (Davidge, 1979). Curve (1) represents an 

energy distribution function for a deformation that is highly 

localized over a relatively small volume, therefore, the energy 

variation as a function of the Burgers length is relatively large; 

curve (2) represents an energy distribution function for a 
deformation that is spread over a relatively large volume, 

therefore, the energy variation as a function of Burgers vector 
is relatively small. 

H. acelaminophen 

--O- sadiumchloride 

--t acetaminophen 

shear stress, MPa 

Fig. 10. The predicted plot of In strain rate vs shear stress for 

sodium chloride and acetaminophen calculated using Eq. 30. 

hardness test, the strain rates and therefore the 
self-diffusion rates for the materials are very simi- 
lar. However, the strain rate of acetaminophen 
falls rapidly to zero as the stress level is de- 
creased. Diffusion tests, which attempt to evalu- 
ate diffusion rates at zero stress would therefore 
be impracticable for the evaluation of ac- 
etaminophen. 

The analyses performed in this study were 
developed for isotropic materials and were ap- 
plied as though acetaminophen crystals, when 
distributed randomly in a powder bed, behaved 
isotropically, on average. In fact, work presently 
in progress suggests that this is far from true. 
Acetaminophen crystals are both elastically and 
plastically anisotropic. The deformation during 
compaction would tend to orient the crystals 
which, in turn would cause the compact to be 
anisotropic also. The effects of such anisotropy 
on the deformation kinetic analysis of tablet stress 
relaxation will be a primary focus of future work. 
The mechanisms controlling the kinetics at 10 s 
may not be the same as those controlling kinetics 
during tablet compaction where contact times are 
of the order of microseconds. However disloca- 
tion mechanisms usually control deformation at 
large strain rates. Substantiation of this awaits 
the development of a suitable model of tablet 
compaction. 
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