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Summary 

The time-dependent nature of plastic flow, of 7 pharmaceutical powders, and its 
effect on the tensile strength of their compacts after consolidation is reported. 
Magnesium stearate compact showed no change in strength with time. For plastic 
materials a In-In plot of tensile strength versus time resulted in a straight line. The 
obtained visco-elastic slope, v, is a measure of plasticity. The more pronounced the 
plastic flow the greater the slope. 

After 30. min from compaction. the values of tensile strength obtained were 
correlated &antitatively to the surface free energy of the materials studied. High 
surface free energies were associated with higher tensile strength. A constant, k, 
which relattis the surface free energy of materials to the tensile strength of compacts 
is defined. Plastic materials exhibit the same k value which was greater than that 
obtained for magnesium stearate. 

introduction 

The compression of solids to produce a compact is a complex process. Several 
simultaneous mechanisms are involved in the consolidation and bonding of particles. 
These mechanisms can be summarized as packing oi particles by diffusion into void 
spaces, fracture and plastic deformation. This latter mechanism results from the 
crushing or fracturing of particles or by plastic flow. Plastic flow in some 
pharmaceutical materials has been determined by comparing their stress relaxation 
data under constant strain (Shlanta and Milosovich, 1964; Cole et al., 1975). 
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The effect of plastic flow on tablet tensile strength was investigated by David and 

Augsburger (1977) who reported that increasing the overall compression cycle nnd 

the duration of the maximum compression force resulted in greater tensile strengths. 

The decay curves for the maximum compressive force with time were then analyzed 

using the Maxwell model. 
Changes in the mechanical properties of compacts with time after compaction has 

atso been observed. Rees and Shotton (1970) reported that during the first hour, the 
strength of sodium chloride compacts increased by approximately 100% as compared 

wi.th their initial value. 
Despite some clear indications that the nature of solid surfaces does play a role in 

a variety of pharmaceutical processes (Hiestand, 1966; Zografi, 1968: Rccs and 
Shotton, 1970), it is nevertheless true that the surface effects have been ignored in 
investigations of plasticity for pharmaceutical materials. 

Based on the Griffith fracture theory, which was extensively used to determine 
the surface free energy of solids (Linford, 1972). a test called the brittle fracture 
propensity (BFP) was devised (Hiestand, 1977) to measure the ability to rcliwr 
stresses by plastic deformation. The BFP value was defined as an inverse measure of 
localized stress relief and was used to indicate the tendency of a compact to 
laminate. 

The purpose of this study was to investigate the effect of plabtic flow or shear 
relaxation, that occurs after consolidation of pharmaceutical powders, on the tensile 
strength of compacts. Since the surface free energy of the material and the tensile 
strength of compacts depend on the bonding strength, a relationship between these 
two different properties is developed. 

Materials and Methods 

Muterids 

The following materials were used: aspirin (B.P. 68); griseofulvin (Cairo Phar- 
maceuticals); indomethacin (B.P. 80, Fahrica Italinna Lintetici L.P.A.): magnesium 
stearate (Merck. Darmstadt); phenacetin (Monsanto): potassium chloride (Merck, 
Darmstadt), and sodium chloride (Merck, Darmstadt). Descriptions of the materials 
are given in Table 1 and Fig. 1. 

A vibratory sieving machine was used to obtain 63 -.X0 pm si7.e fraction of the 
different samples. All materials were oven-dried at 60°C for 4 h and stored in a 
desiccator over sii;ca-gel until required. The apparent hulk-density of each material 
was determined by pouring the dried powder at an angle of 45” into a 100 ml tared 
cylinder and tamped a given number of times from a uniform height. 

Tuhkel compression 

A Carver press ’ was used to form compacts without the additilw of cscipients. 
For each material, tablet weights were adjusted carefully to produce compacts with 
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TABLE I 

PRDP~R~I~ OF 63-80 ~tn FRACTIONS OF POWDERS 

M+ttcrial 

Aspirin 
Gnseafulvin 
lndomcthacin 
Magnesium stearatte 
Phen~~ttn 
Potassium rhIoride 
Sodium chloride 

Density (g.cm- ‘1 Porosity 

Bulk Pitrtiele Packrng E-I-P&/P, 

P, P, b/P, 

0.404 I .38 0.292 0.708 
0.2% 1.45 0.204 0.796 
0.387 1.35 0.287 0.713 
0.188 1.04 0.181 0.819 
6.511 1.25 0.409 0.591 
0.914 1.97 0.423 0.578 
0.8182 2.15 0.38 I 0.619 

the same thickness of 0.30 f 0.01 cm. The fractions 63-80 ym were carefully 
introduced in a circular, flat-faced punches 1.4 cm in diameter. All tabletjng was 
conducted at a compaction pressure of 90 MNm- ‘. The compacts were immediately 
removed from the die, weighed, their diameter and thickness were measured using a 
micrometer and stored in a desiccator over silica-gel until used. 

The tensile strength was determined by application of the diametral-compression 
test. laterals were compressed diametrically on a modified Erweka hardness 
tester 2. In order to minimize the shear and compressive stresses below the loading 
area, the platen width is limited to l/10 of the diameter of the compact (Hiestand 
and Peot, 1974). The motor was operated to apply an increasing force to the tablet at 
a rate of 0.68 kg - s- ‘. When the compact failed, the tester stopped automatically 
and the failure load in kg was recorded on the scale. Then force readings were 
converted to tensile strength in the manner of Fell and Newton (1970). The tensile 
strength ( uO) is given by: 

where F is the force applied diametrically at fracture; D is the diameter of the 
compnct; and t is the thickness of the compact. The mode of failure was determined 
visually by checking the shape of the fragments after fracture. If the compact splits 
into two equal halves, tensile failure has occurred. All tensile strengths reported are 
based on 10 determinations. Photographs were taken for the different behavior of 
~~tnp~~~ts after fixture. 

,‘ Erweka-Apparatehau, Frankfurt, F.R.G. 
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Surface free energy data 
Based on the assumption that no highly specific interaction and orientation of 

molecules occurs at the solid-liquid interface, Zografi and Tam (1976) used the 

contact angle measurements to estimate the solid surface free energy ( y ). The values 

of y for aspirin, griseofulvin, indomethacin, magnesium stearate and phenacetin 

were obtained from Zografi and ‘Tam (1976). 

For potassium chloride, an average value of y was calculated from data reported 

by Westwood and Hitch (1963). Whereas the average value of y for sodium chloride 

was obtained from Wiederhorn et al. (1970), who used the double cantilever cleavage 

technique. 

Resufts and discussion 

The crystal habit and particle shape of materials may influence the properties of 
the produced compacts. Photomicrographs of the materials used indicated dif- 

ferences in the appearance and shape of crystals (Fig. 1). Some physical properties 
of these pharmaceutical powders are illustrated in Table 1. 

Compacts that laminate or are too frslgile to determine their tensile strength were 
considered as unsatisfactory as in the case of phenacetin and griseofulvin. However, 

other powders studied yielded satisfactory compacts; phenacetin compact fractured 
in the die before ejection. The capping behavior of phenacetin is well documented 

(Hiestand et al., 1977; Shotton and Obiorah, 1975). Phenacetin crystals do not 

adequately relieve local stresses by plastic deformation, and fracture in shear occurs 

across the entire compact (Hiestand et al.. 1977). Recently, the problem of phenace- 
tin capping was overcome by using a die with a flexible wall (Amidon and Hiestand. 

1981). 

The different modes of failure are illustrated by the photographs of compacts 

subjected to drametral compression test (Fig. 2). In the case of griseofulvin. failure 

occurred by compression and/or shear, where the specimen fractured in an irregular 
way resulting in several irregular fragments, Fig. 2b (Fell and Newton, 1970). 

For materials that produced satisfactory compacts, only the fract,.u-e forces were 
recorded when compacts failed in tension. This was visually checked by their 
uniform splitting into two equal halves along the loaded diameter (Fig. La). Potas- 

sium chloride produced the strongest compact. For aspirin compact. the tensile 
strength was relatively low and this may be related to the rapid increase in the 

specific surface area of aspirin particles (Higuchi et al., 1954). For magnesium 

s!rarate compacts, too man)/ tensile strength determinations vvere required to obtain 

an average of 10 normal tensile fijilure for each reading. 

The concept of the time-dependent flow involved in the consolidation processes. 
h;rs been extensively investigated. Shlanta anti Milosovich (1964) measured tt e stress 

relaxation of vartous pharmaceut.ical powders, and reported that the compresston 
\trcsses tire relieved uith time. David and Augsburgcr ( 1977) showed that increasing 



Pip I. I‘bpical phocon~i~rclgr~~ph,, ( x 3 I) of the materials used (63 -89 pm) (a) Griscofulvin; (b) aspirin; 
(c) ptlrnacerin; (d) magnesium stewate; (e) indnmethacin; (f) potassium chloride: (g) sodium chloride. 



hg. 2. Fractured compacts after diametral compression. (a) KC 
c4wlpressivc failure: (c) rejected tensilr failure. 
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the duration of the maximum compressive force resulted in significantly greater 

tablet strengths. Hiestand et al. (1977) confirmed the results obtained by Shlanta 
and Milosovich (1964) and proved that the incidence of fracture is also a time-de- 
pendezlt phenomena. Rees and Shotton (1970) showed that stress relaxation, for 
sodium chloride, continues after the compact has been ejected from the die. 

In b_lur study, compacts were prepared at a compaction pressure of 90 MNm-‘. 
At belzcted time intervals. their tensile strengths were determined. A plot of tensile 
strength versus time is presented in Fig. 3. Statistical treatment for data obtained 
from Fig. 3 showed significant differences (5% level) Tor all compacts except for 
magnesium stearate (Table 2). 

Tht: increase in strength that occurred with these materials can be attributed to 
the time-dependent flow or plastic flow which provides stress-relief within the 
comp.lct. This plastic flow leads to an increase in true contact area between particles. 
IIowever, compacrs made of potassium chloride. sodium chloride and indomethacin 
exhib ted much greater plastic flow than the aspirin compact. For instance. during 
the first hour after ejection from the die, the strength of potassium chloride compact 



TABLE 2 

EFFECT OF TIME ON COMPACT TENSILE STRENGTH FOR THE DIRECTLY COMPRESSED 

MATERIALS 

Compact Time Tensile strength 

(min) Nm-’ x IO-’ S.D. ’ lb 

Potassium chloride 2 10.35 0.40 __ 

30 17.94 0.52 36.6 c 

Sodium chloride 2 6.41 0.32 

30 10.32 0.43 22.7 ’ 

lndomethacin 2 3.73 1.26 

30 6.07 0.29 19.0’ 
,Aspirin 2 6.06 0.13 _ 

30 6.42 0.25 4 06 ’ 
Magnesium stearate 2 3.94 0.52 __ 

30 4.06 0.60 0.48 “ 

a Standard deviation, based on IO measurements. 

’ Student’s t-statistic for difference comparing tensile strength of compact afte. r 2 min with that afttx 30 

min. 

’ Strengths are significantly different, at 5% level. 
’ No significant difference, at 5% level. 

increased by approximately 73% compared with the initial value at 2 min (Fig. 3). 
Whereas the s!rength of aspirin compact increased by only 9% during the same 
period. This ino:cates that plastic deformation is more pronounced for potassium 
chloride compact than in aspirin compact. This finding is in accordance with the 
results obtained by Shlanta and Milosovich (1963). They reported that materials 
giving good tablets by direct compression showed medium relaxation. except for 
aspirin compacts. They also noted that the relaxation of aspirin was in the same low 
range as that obtained for powders forming poor tablets. 

Potassium chloride compacts exhibited the greatest degree of plastic flow com- 
pared to other compacts which could be related to its lower yield strength. Coles et 
al. ( 1975) reported that a more rapid reduction in pore volume of potassium chloride 

TABLE 3 

LEAST-SQUARES FIT PARAMETERS FROM DATA IN FIG. 4 
--- ____--- - 

Compact Viscoelastic slope. Intercept, , 
4) 

Y (min ~- ‘) In 0,; (Nm ’ ) (Nm” x10-‘) 
-.- ----_ -- 

Potassium chloride 0.204 13.7 8.91 
Sodium chloride 0.188 13.24 5.62 
Indomethacin 0.177 12.72 3.34 

- ----____- 
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Fig. 4. Data from Fig. 3 treated according to Eqn. 3. 0 -__ 0, potassium chloride; @ -CD. 
indomethacin; l -0, sodium chloride. 

compact under an increasing load is indicative of a lower yield strength than in 
sodium chloride compact. 

The plastic flow concept has been treated mathematically as the Maxwell model 
under constant strain (David and Augsburger, 1977). Applying the same model to 
our results, straight lines were not obtained by plotting the In of tensile strengths 
versus time. Therefore, a simple type of ‘parabolic’ equation may be used to 
represent our results, and is given by: 

00 = q;t (21 

And the In of this equation: 

111 0,) = In q; + v . In t (3) 

where a, is the observed tensile strength at time t and v is the visco-elastic slope. 
The plots of In ao, as a function of In t, for potassium chloride, sodium chloride 
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TABLE 4 

RELATION BETWEEN THE OBSERVED TENSILE STRENGTH (AFTER 30 MIN) AND THE 
SURFACE FREE ENERGY OF THE VARIOUS COMPACTS 

- 

Compacts Surface free energy Observed tensile strengJ$ 

(Erg-cm-‘) (Nn-’ x10-s) 

K 

(cm) 

Aspirin 67.5 6.42 1.1 x w-5 

Griseofulvin 62.2 
Indomethacin 61.8 6.01 I.1 x IO.‘5 
Magnesium stearate 23.0 4.06 5.6x IO -r’ 

Phenacetin 58.3 
Potassium chloride 181.0 17.94 I.1 x 10--s 
Sodium chloride 110.0 10.32 I.1 x lo-5 

and indomethacin are illustrated in Fig. 4. The lines are linear, i.e. the parabolic 

equation holds for these plastic materials. ‘4 linear regression analysis was performed 

to obtain the best estimate for the slopes and intercepts (Table 3). The intercept. 

In u(;* represents the in tensiie strength of compact at t = 1. while v is the visco-elas- 

tic slope and is a function of the porosity of the compact. 

Surfke free energy 
Solid must bond together to give a cohesive mass, Particle-particle bonding 

during consolidation depends upon attraction forces developed between particles. 

These forces could be physical, e.g. surface, size and shape, or chemical. In turn, the 
chemical forces could be ionic. as in case of sodium chloride. or molecular as in most 

drugs. The magnitude of the attraction forces depends upon the pressure applied. 
and the surface free energy. 

Since the surface free energy of a solid is related to the porosity, which is also 

related to the tensile strength, it was reasonable to correlate both parameters. 

The surface free enel.gy, y. for the materials which produced satisfactory com- 

pacts are listed in Table 4. A comparison with the results obtained for the tensile 

TABLE 5 

MOLAR AREA A, OF MOLECULES AT THE SURFACE. SURFAC’F. FREE ENERGY. y. AND 

SURFACE FREE ENERGY PER MOLE. y,, 

Malcri;rl ’ A m Y Y 1)) 
(cm:mol) (Ikgb/cn+ ) ( b rgs,’ mol) 

xl0 y xl0 q 
-----__~ --._. I_____ ___--___-___. - -- 

f’henacrtm 7 7, _._ * 38.3 13.5 
Grisrot’ulvm 3.22 62.2 711J 
Indomrthaan 3.46 61.X 2 I4 

_- 
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strength, oO, of compacts showed that a direct relationship may exist. The higher the 
surface free ene:gy, the stronger the compact. Therefore, 

y=a,xk (4) 

where k is a constant with the unit of cm, and may represent the distance at which 
the atomic attraction forces operate. Materials exhibiting plastic flow have the same 
k. and this was greater than that for magnesium stearate, which did not show any 
plastic flow (Table 4). Thus, materials with a tendency for plastic flow will attain an 
extensive contact area when compacted and strong bonds would be obtained. 

The porosity of sodium chloride or aspirin compacted at 90 MNme2 was found 
to be 18.2% and 5.1% respectively, which is directly proportional to their obtained 
tensile strength and their surface free energy. 

A molecular surface area approach can be useful to explain many phenomena 
(Amidon and Samaha, 1978). Tae surface free energy per mole. ym, is given by: 

Ylll = A II:, (5) 

where A,,, is the molecular surface area in cm’. and y is the surface free energy in 

ergs/cm’ (Zografi and Tam, 1976). Although close values were reported for the 
surface free energy y. for the 3 powders shown in Table 5, yet only indomethacin 
produced a satisfactory compact. This finding could be justified at a molecular level. 
by comparing their surface free energy per mole, y,,,. lndomethacin has a higher y,,, 
value than both phenacetin or griseofulvin. 

To conclude. the results of this study suggest that plastic flow and its effect on the 
tensile strength of a compact is an intrinsic property of the particulate material, and 
can be correlated to its surface free energy. High surface free energies are associated 
with high strength parameters because both depend on the bonding strength. 
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