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Measurements have been made of the tensile strengths of physical and formulated 
mixtures of oxytetracycline and lactose, varying the particle size, temperature and 
compositions of the mixtures. 

At a constant packing fraction the tensile strengths of formulated mixtures were 
higher than those of physical mixtures and both deviated from those expected 
theoretically; the maximum deviatictn occurred with the 50 : .C’ mixtures. 

The tensile strengths of the single powders and the mixtures could be predicted 
with an average accuracy of + 10% by the use of equations due to Cheng (1968, 
1970) and Kocova and Pilpel ( 1973). 

The tensile strength of a bed of powder is the force per unit area required to split 
it in tension: it is affected by the particle size distribution (Cheng, 1968, 1970; 
Wahon and Pilpel, 1972). particle shape and rugosity, packing fraction (Ashton et 
al,, 1965) and by the tem~rature of the bed (Jayasinghe et al.. 1969/?0; York and 
Pilpel, 1972). 

Relatively little work has been reported on the tensile strengths of mixtures of 
powders (Ka:ova and Pilpel, 1973; York and Pilpel, 1973; Varthalis and Pilpel, 
1976; Chan et al.. 1983). The powders can be either mixed physically or granulated 
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as a formulation and then milled back to their original size (Kurup and Pilpel, 1979). 
In the former case the component particles remain discrete. In the latter, any soluble 
component tends to coat the other(s) and when dry form solid bridges between the 
particles. Some of the coating may persist even after milling and is visible under the 
electron microsScope. It can affect the range and magnitude of the forces acting 
between the particles. These forces are: (a) Van der Waals; (b) electrostatic: (c) 
frictional and mechanical; and (d) surface tension and capillary. 

Kocova and Pilpel (1973) extended Cheng’s original theory (1968) of tensile 
strength to try to deal with real systems of powders either containing a wide range of 
stzes of particles of one material or containing narrow size ranges of particles of 
different materials. 

The purpose of the present work has been to test the validity of this theory for 
binary mixtures. Tensile tests were carried out at different temperatures on 3 narrow 
size fractions of o~ytetracy~line and lactose powders when mixed physically or 
granulated together in various proportions. The predicted tensile strengths were 
ccjmpared wit?: those obtained experimentally. 

The effects of and interaction between particle size, temperature and composition 
of the mixtures on the tensile strengths were studied by performing the experiments 
ir a factorial design. 

Wfaterials and Methods 

The two materials used were oxytetracyc~ii~e dihydrate powder. supplied by ICI 
Pharmaceuticals Division which complied with the official standard EP 11 (1971). 
and lactose powder BP from Whey Products. 

250 g batches of the oxytetracycline and lactose powders in appropriate propor- 
tbms were dry-mixed for 5 min in a Kenwood planetary mixer. 40 ml of water was 
added and massing continued for 2 min. The wet masses were forced through a no. 
24 sieve in an Erweka granulator and the granules were dried in a hot-air oven for 12 
h at 55°C’. They were then milled down to less than 33 pm in a Teema swing mill. 

The two individnlal powders and the milled formulated mixtures were freed from 
particles z=- 33 pm using an Alpine airjet siever and were then classified on a 
Micropfex zig-zag classifier into 3 different size fractions. O-10, lo-20 and 20-30 
pm. They were stored in airtight glass jars and their particle sizes were confirmed by 
optical microscopy. 

Pr~qximtion oj- p~~-.siwl ntis f tues 
The two powders in the 3 different size fractions were mixed in appropriate 

prb,portions in a planetary mixer for 5 min. They were dried and stored as before, 
Representative sampfes were assayed spectrophotometrically for oxytetracycline at 
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TABLE 1 

SAMPLES 

- 

Material Weight fraction 

m9 
Code no. Particle density (g/cm’ ) 

Oxytetracycline 
Lactose 

1.0 Y I .454 
1.0 L 1.554 

Physical mixtures 
Oxytetracycline 
Lactose 
Oxytetracycline 
Lactose 

Oxytetracycline 
Lactose 

Oxytetracycline 
Lactose 

0.75 
0.25 MI I .52s 

0.50 
0.50 M, i -502 

0.25 
0.75 M3 1.477 

0.70 
0.30 M? 1,522 

Oxyt~tra~yciine 
Lactose 

0.30 
0.70 

Formdated mixtures 
Oxytetracycline 
Lactose 

Oxytetracycline 
Lactose 

Oxytetmcycline 
Lactose 

Oxytetracycline 
Lactose 
Oxytetracyciine 
Lactose 

0.75 
0.25 M4 1 .s2s 

0.50 
0.50 M; 1 .so2 

0.25 
0.75 M, I .477 

0.70 
0.30 M9 I.522 

0.30 
0.70 Ml, 1.482 

353 nm. The index of mixing in all the mixtures, defined by 1 - a/a0 where u is the 
standard deviation for analyzed samples and n0 is the standard deviation for the 
unmixed system, was found to be > 0.95. 

The particle densities of the individual components and of the mixtures were 
determined by the Beckman air comparison pycnometer method, (Model 930, 
Beckman Instruments) and the results are recorded in Table 1. 

Tensile tests 
The tensile strengths of the samples were measured in a split nickel-plated cell of 

the Warren Spring type (Ashton et al., 1964), 9.5 cm internal diameter, 1.1 cm deep, 
which had been adapted for use at low or elevated temperatures by enclosing it in an 
insu~ating.iacket and the samples were maintained at the required temperature for 10 
min while checking by means of sensitive miniature bead thermistors (RS Compo- 
nents). Details of its design and operation have been published (Britten and Pilpel, 
1977). 



2% 

In order to study the effects of the variables on the tensile strengths of the 
samples the experiments were performed in a factorial design. Each of the 3 
variables: particle size fraction (D), temperature (U) and proportion of added 
lactose (P) was employed at a ‘high’ level (denoted by the subscript I-I), a ‘low’ level 
(Tiubscript L) and a ‘medium’ level (subscript M) *. A Z3 (= 8) factorial design was 
used and a total of 24 sets of measurements of tensile strength was analyzed. 

For the high and low levels the combinations of tensile strengths selected were: 

QJJ,P,, D,U,P,, D,U,Pn, Dr.&P,, DLULPHt Dt.U,PL, D&JHPL and D,U,P,. 
For high and medium levels the combinations were: D,U,P,, DJJ,P,, 

J&UMPH, D&J,P,, D,Q,&+ DMUJ,PM, D&.& and J&&J,.&.,. 
For medium and low levels the combinations were: D,U, P,, D,U,P,, 

J&U, P,, D,U,P,, D,_U,P,, D&P,_, D&,P,_ and DLUMPP,. 
By-grouping the tensile strength results into different sets it was possible to 

e;uamine the effect that each variable had had on tensile strength and also to test 
whether the variables were acting independently or interacting with each other, 

For example, the effect on tensile strength of increasing D from its low level to its 
high levef was found by summing all tensile strength results from samples containing 
hgh levels of D and subtracting from the total, the sum of the tensile strength results 
from the samples containing low levels of D and then dividing by 4: 

d E(DJJ,.rPi_ + D,U,P, + D,U,P, + D,U,P,) 

- (WJ,P, + D&J’, + D,U&_ + D&J,P, ,] (1) 

Similarly, the effects of increasing U and P were calculated, respectively. from: 

4 j$D,,U,,Pi_ f D&P, + DLU,+PI, + DLUWPH) 

- (DdJ,% + WV’, + WV’, + WJJ’, I] (2) 

and 

+A.&&_ + &P,f’, + WJ&_ + WV’, ,] (3) 

The combinations for medium to high and low to medium levels were treated in 
thlf: same way. 

To test whether or not any two variables were interacting and to determine the 
ex!.ent of such interaction, e.g. for D and U, the results were grouped as: 

: [‘(D,,U,P, + D F&P, + WJ&i + DLULPL) 

--- 
’ ~%Iixtures M, and M, contained the Low (L) level of lactose. Mixtures M, and Ms c~~ntain~d the 

medium (M) level of lactose. Mixtures M, and M, contained the high (H) level of lactose. 
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Fig. 1. a: log tensile strength versus composition of physical mixtures (p, 
and particle size fractions. 0, 50°C; 0, WC; A 2O’C; 0, - 10°C. 
composition of formulated mixtures ( pI 0.45) at different temperatures 
SOT; o,3s0c; A, 2ooc; l , - IOT. 

0.45) at different temperatures 
b: log tensile strength versus 
and particle size fractions. 0, 



Similarly for D and P: 

f [(DHUHPH i- D&P, + D&J& + D&-J’,) 

- (DJJ,-,P~. + D,U,P, + D&J,P, + D,U,P,)I (5) 

and for U and1 P: 

f [I.DHUHPH + D&,P, + WJJ, + D$M’d 

- (WJ&, + WJJ’,, + WJL.P, + WV’,)] (6) 

A summation result of zero indicated that there was no interaction between the 
variables; the amount of departure from zero was a measure of the amount of 
interaction (Woolfall, 1964). 

Red ts 

The tensile strength results for all the samples (L, Y, MI-M,) at all the tempera- 
tures studied fitted the general equation: 

log -l- = K - pr + B (7) 

TABLE 2 

THE EFFEC-I ON TENSILE STRENGTH OF VARYING PARTICLE SIZE (D,. TEMPERATURE 
i U) .AND PROPORTION Ol- LACTOSE (P) 

Sample system 

Table 2a 
-- 
Physical mrxtures 

Formul.~tcd mixtures 

Physitai mixtures 

Formulated mixtures 

Phywal mixtures 
Formulated mixtures 

Table 2b 

Physical mixtures 
Formulaled mixtures 

Effect on tensile strength of increasing from low to high level of: 

D(Nme2) U(Nm-‘) - P (Nm-“) 

-- - 1047 593 49 

- 1357 623 8 

Effect on tensile strength of increasing from low to medium level of: 
-. 

D (Xme2) U (Nm-‘) P (Nm- ‘) 
-- 

- 572 -301 87 

- 837 320 100 
-- 
Effect on tensile strength of increasing frwl medium to high level of: 

--- -_ 
D (Nni-‘) U (Nm”) P (Nm-“) 

--- --___ 
- 243 63 25 
- 330 76 24 

-I- 
Interaction coefficient for tensile strength between: 

--- 
b-and U D and P P and U 

5.01 0.24 0.12 
5.60 0.14 0.11 
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with a correlation coefficient > 0.98 where T was the tensile strength, I(: and B were 
constants for each material and pr was the packing fraction (Farley and Valentin, 
1967/68). 

The tensile strength values at different temperatures at a fixed pf 0.45 (selected 
because it involved ~nimum extrapolation of the rectilinear plots of log T versus 
pf ) were determined. The formulated mixtllres had hi&et tensile strengths than the 
physical mixtures and Fig. la and b show how log T varied as the composition, 
temperature and particle size of the samples were changed. It is seen that in all cases 
T was a maximum for the 50: 50 mixtures deviating from the theoretical straight 
lines obtained by joining the ends of the curves. It is also seen that the tensile 
strength increased with increase in temperature (Jayasinghe et al., 1969) and with 
decrease in particle size. 

The results of the factorial experiment given in Table 2a and b show that particle 
size had a b@ger effect on tensile strength than temperature or composition of the 
mixture. 

Discussion 

The higher tensile strengths of the formulated mixtures than of the physical 
mixtures at all temperatures studied can be ascribed to the greater likelihood in the 
former systems of solid bonds forming between neighbou~~ particles (all the other 
forces listed in the introduction probably remain the same). During granulation 
some lactose could dissolve in the water and then crystallize on drying to form solid 
bonds between oxytetracycline particles thus increasing the tensile strength. Solid 
bonds could only form in the physical mixtures by plastic deformation of particles 
when consolidating the samples for testing (Kurup and Pilpel, 1979). 

There is a tensile strength equation ’ (Kocova and Pilpel, 1973) which can be 
employed for analyzing the present results. This is: 

T=h [t*-%(z- l)].~.~.~[S,Wi+2B,,W(I -W)+S,(l -W,“] 

where W is the weight frat:tiou of oxytetracycline; a and b are constants; c is the 
co-ordination number: T is the tensile strength; h is the inter-particle force per unit 
area: p is the bulk density of the powder; p, is the particle density of the mixture; 

_. 
2 

_ ..- _--._ 

The justification for employing this equation for the present mixtures is that the two component 
powders had the same particle size ranges and very similar densities. Thus their weight fractions were 
virtually the same as their number fractions. E.g. in mixtures M, and Ms the weight fractions of 
oxytetracycIine are 0.70 and 0.30, respectively. and their number fractions are 0.73 and 0.28. 



pr = p/p, is the packing fraction; t, is the effective range od the intef-particle forces; 
p0 is the packing fraction when T = 0; M is the index of mixing; dmix is the mean 
particle diameter of the mixture (i.e. about 4.3, 15 or 25 km); Unix is the mean 
particle volume of the mixture (i.e. about 80, 1800 or 8200 pm3); 3, is the mean 
surface area of lactose; 3, is the mean surface area of oxytetracycline; and s,, is 
the mean surface area of the mixture. (Clearly for single-component powders the 
terms with the subscript ‘mix’ will be replaced by the corresponding terms for the 
individual components.) 

Using the experimental results from samples L, Y and M,-M,, the values of pa 
were obtained by plotting tensile strengths against packing fraction and extrapolat- 
ing to T = 0. Representative graphs are shown in Fig. 2. 

To evaluate values of t,, the range of the inter-particle force, graphs were plotted 
of: 

F 1 %L, Pf =-.-.- 

2 V,,,ix -I- 

versus 

'mix Pf 

G=3- - ( PO 

I,‘,‘/ ,- 
I ) x /,I’,’ ,I’ : 

XZIJ 
,,,;-,, . *a- 

OGO 0532 034 
, 

0.36 0'38 0.40042 094 
Packing Fraction 

(9) 

(10) 

Fig. 2. Tensile strength versus packing fraction for physical and formulated mixtures at - IO’C and 0- 10 

Frn. 0, L: 0, M,; a, M,; A, M,; *, M,; n , M,. 
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Fig. 3. Plots of F versus G. *, M,; 0. M,; 0, M,; A, M,; n , M,. 

(Esezobo, 1976) and each curve was extrapolated to the point where F = 0 giving t,. 
Typical graphs of F versus G are illustrated in Fig. 3. 

Cheng (1968) derived a law of corresponding states between h(t), t and co as: 

$h(t)=$(t) (11) 

where t is the average surface separation of particles, t, is the range of the 
interparticle force, f0 is the energy of the particle surface and $I is the functional 
relationship between them. It follows from Cheng’s treatment that 

and 

h 
s Pr 

(I) 
+&b-.-= 

v T 
F 

,111 ‘( 

(12) 

(13) 

(Kocova and Pilpel, 1973). Plotting F versus t/t, on a logarithmic scale (Fig. 4), 
gives curves which have approximately the same shapes and are parallel to each 
other, proving the vahdity of the law of corresponding states in the mixtures M,-M, 
and the applicability to them of the common function +, 
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Fig 4. Test of the law of corresponding states. Particle size fraction 20-30 E.rm. t. M,; 0. .,I,; 0. M,; A.. 

M,; 0, M,. 

For IWO surfaces designated 1 and 2, Cheng (1968) showezl that: 

E (i -:. tt~,)~ F, =-*- 
% jt0J3 5 

(14) 

where F is given by Eqn. 9. Since the same function 9 applies to all the systems 
in\“estigated, Ed, was identified with lactose and arbitrarily assigned a value of unity. 
The values of Q, ( at a fixed pf ) for the mixtures were then calculated relative to 
lactose. They are listed for samples Y, L and mixtures M,-M, in Table 3 together 
with the yfalues of t and t,. 

Making use of the law of corresponding states, Eqn. 8 can be rewritten (Kocova 
and Pilpel, 1973) as: 

Its validity W;ZIS tested (3: some further mixtures M,-M,, whore compc&tions are 
given in Table I, and whose values of t, t, and t0 were taken as Ihe average of those 
in Table 3 for the appropriate type of mixture. The vahies of cp were obtained from 
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the average slopes of the graphs in Fig. 4. The resulting predicted values of T for 
M,-M,o at 3 temperatures are compared in Table 4 with the actual measured values 
and the average agreement is seen to be within +_ 10%. This s considered satisfactory 
showing that Eqns. 8 and 15 can be used to predict the tensile strengths of binary 
mixtures of powders from knowledge of their composition and the properties of the 
components and their particle size distribution. 

Conclusions 

(1) At a fixed packing fraction, formulated mixtures of oxytetracyciine and 
lactose had higher tensile strengths than physical mixtures. 

(2) Eqns. 8 and 15 can be used to predict the tensile strengths of physical and 
formulated mixtures of oxytetracycline and lactose with an average accuracy of 
about + 10%. 

(3) The effects produced on tensile strength by the 3 variables studied show that 
particle size has a bigger effect than temperature which has a bigger effect than 
change in composition of a mixture. The interaction between particle size and 
temperature is bigger than that between particle size and composition or between 
temperature and composition. 
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