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Abstract. 1n the polymer indusiry, during many plastics processing methads, both conventional and
novel, polymeric powers or granules are subjected 1o varying rates of compactian. This has an impuortant
effect on the success and efficiency of the process,

Uniaxial strain rates ranging from 10~ to 1.0 per sec.. are cuvered for three different grades of
polyvinyl chlotide (PVIC) powder. Four particle size fractions of these types of 150, 180, 212 and 250 qm
are evalnated. The investigation shows that all materials tested exhihit strain rate sensitivity to varying
deprees (increased resistance to compaction as the speed is increased). Also. it is found that the values of
the mean yicld pressure, determined by Heckel relation, are increasing with the speed of compaction. as
well as with the parricle size, in a non-lingar manner. Generally, both ductile and brittle behaviors existed
in the compaction prouess. bui al higher speeds (strain rates) the amount of plastic deformation decreased
(i.¢. brittle behavior dominated), which resulted in snuiller contact arcas among the compacted particles
and mcreused the final compact ‘capping’ possibilities, Furthermore, the tensile strength of the final com-
pacts, assessed by the diametral compression ‘Brazilian® test, shows a non-linear increase with the speed
o compaction. Finally, as the particle size decreased and the particle shape becomes more irregular, the
relative tap density increased.

Introduction

The compaction of particulatcs through a variety of processes like pelleting, forging,
extrusion etc., is a common practice in a number of industries. In particular it is
widely used with ceramics, metals, catalysts and pharmaccutical materials | 1-5], and
mure reeent studies [6-10] have demonstrated the feasibility of applying the coid
compaction process to plastic powers. The demand for higher quality products and
increase in the rate and volume of turnout by these industries has encouraged
detailed research into the mechanism of powder compaction. This aspect of particu-
late technology has hitherto relied heavily on empirical methods and techniques,
which have served the carly industries very well over the years. However, such
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empirical methods have been so well refined that a quantum leap forward in the com-
paction technology requires a new approach; one which is based on more detailed
and systematic study of the mechanics of the process and the properties of the par-
ticulate matter. This is particularly important in the plastic industrics, 4s the demand
on the ever increasing number of polymeric materials and products, is progressing
very rapidly.

The initial attraction of solid phase compaction of polymcric materials is that it
provides a method of manufacturing articles in the speciality plastics such as ultra-
high molecular weight polyethylene, polytetrafluoroethylene or poly (vinylidene
chloride). These plastics have unique physical, mechanical and thermal properties
but are severely limited in application because they do not lend themselves to shap-
ing by the conventional melt processing methods such as injection molding or extru-
sion. However, it is now being recognized that solid phase compaction need not be
restricted to these “difficult” materials and indeed, when used with the mare com-
mon plastics, there are special advantages becausc it is more energy efficient, it is not
limited to thin wall sections, it permits higher levels of fillers to be incorporated and
can give faster cycle times since the relatively slow heating and cooling stages are
removed from the cycle [11].

The interest in the behavior of plastic powers and granules under pressure is not
restricted to novel processing methods. Many of the conventional forming methods
involve, al some stage, the application of pressure to solid relatively cold granules of
plastic. For example, the operation of an extruder or injection molding machine
depends on the positive pressure at the inlet port to the barrel, which is caused by the
head of powder in the feed hopper. Also, in the compression and transfer molding
processes the compaction behavior of the polymer is an important factor for the pro-
cess success. Thus, it is of considerable interest to know how plastic granules and
powder will behave when subjected to pressure within a restricted section or rigid
container.

During the cold forming of plastics, as is the case with all powders, the most
important effect is the pressure loss within the plastic powder/granules as a result of
inter-particle friction and frictional effects between the particles and the container
wall [2,9,12]. This has particular relevance in the field of solid phase compaction
because it has a major influence on the density distribution within the powder mass
and hence the quality of the compacted solid [2-10]. Therefore, it is necessary (o be
able to predict the magnitude of the density variation in a particular molded compact
bascd on a knowledge of the die geometry, powder characteristics and applied
forces. There have been numerous studies in this field for metals, ceramics and phar-
maceutical powders [1-53,13,14], but very little information is available for plastic
powders. Most of the studies that have been made [6-11] have concentrated on iden-
tifying the significant parameters which govern the process, including the general
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cifects of applied pressure, dwell time under pressure, particle size distribution, etc.
Many aspects, however, are still obscure. One most important aspect, which to date
has not been carefluily and systematically investigated, is the influence of loading and
unloading rates on the mechanical properties of the formed compact. To the author's
knowledge only a few attempts to tuke into account the speed of pressing are
reported [9,15-17]. Despite that, it is well known that polymers arc viscoelastic mate-
rials and therefore the rate effects cannot be ignored.

Recs and Rue | 18] and recently Es-Saheb et af [13] have highlighted the impor-
tance of strain rate [i.e. speed] during the compaction process as well as during the
process of testing the final compact strength in pharmaceutical industry. Also, it has
become increasingly importunt, as a result of the work of Amidon er af [19], that the
ratc of axial and radial pressure removul huve a paramount influence on the instan-
taneous stress distribution in both the preform and the dic. Furthermore, the resili-
ence of the formed compact is believed to be heavily dependent on the stress distribu-
tion history during the whole compression cycle [5]. Accurate studies of the rate
effect are essential in order to complele the total picture of the material behavior. In
addition, knowledge of rate-dependent behavior over a wide range of strain rates is
necessary in furmulating constitutive relations as well as in determining the predo-
minant mechanisms responsible for matetial behavior.

However, to describe the compaction process, there have been numerous
attempts made Lo relate the applied pressure and the material deformation. Among
these are due to, Cooper and Eaton [20] and Kawakita {21], also, it was nolable that
Kinopickey [22], Shapiro |23] and Heckel [24] arrived at a fairly similar constitutive
equation using different assumptions. Now generally known as the Heckel equation,
it implies a linear relationship between pressure, P, and In [1/(1-D)], and takes the
form:

In[1/(1-D}] = KP + A (1)

Where, D is the relative density (= actual density / pore-free density), K and A arc
constants. The gardient, K, is a measure of the ability of the compact 1o densily by
plastic deformation. The reciprocal of the gradient is equal to the mean yield pres-
sure of the powder. Generally, it is found that materials which deform plastically
tend to give lower valucs for the mean yicld pressure than materials which deform by
brittle fracture. This equation became generally accepted and was widely used in
metallurgy and pharmaceutical industries and, now, it is applied to polymeric pow-
crs.

In this paper & systcmatic investiation on the influence of axial compression rate
as well as the practice size distribution, on the compaction characteristics and final
compact strength of three polyvinyl chloride {PVC) powders is presented. The strain
rate range covered is 107* to 1.0 per sec.
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Materials

The initial program of work was carried out for three selected types of palyvinyl
chloride (PVC) powders, made available by SABIC (Saudi Arabia Basic Industrial
Company), namely PYC/6TSG, PVC/70S and PVC/S7S. At the first stage of this
investigation, these muterials were characterized. For each of the three polymers,
the differential scanning calorimetry (DSC) tests were performed and the plass trans-
ition temperature (T ) was found to be about 88°C. Also, the particle sizc and shape
distribution for all materials were obtained, by applying both the sieve analysis and
microscopical techniques. In this analysis, standard sieving tests were carried out for
the three powders and the usual plots of the powder retained weight in each sieve
(W1'%) versus the sieve size (or mesh number) were obtained. Following this, pow-
der samples from cach sieve were examined under the microscope and photographs
were taken. From these photographs measurements of the area, A, of about 100 par-
ticles (i.e. n particles), using a planimeter device were recorded. These data were
processed, assuming an equivalent spherical shape particle (i.e. circulur projected
area), and the particle equivalent diameter {d,,) is calculated according to the equa-
tion: d, oy =V (dA¥7. For each sieve the arithmetic particles mean diameter (d) is
then obtained using the equation: d = d,/n. This mean diameter of the particles is
assumed to represent the average particles size for each sieve and it is plotted versus
the powder retained weight (WT %) for cach material. The results ate then displayed
on common axes for the three investigated powders as shown in Fig. 1. The tests
showed that the materials consisted of particles of varying size and irrcgular shape.
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Fig. 1. Particle size distribution analysis.
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Furthermore, bulk density tests were made for all materials according to ASTM I/
895 method. The densities were found to be 541, 522 and 538 kg/m? for PYC/675G,
PVC/705 and PVC/57S respectively. It is known that the bulk density, apparent
density and tap density are very strongly influenced by the particle size and shape and
their distribution. However, the investigation of these effects in polymeric powders
as well as the discussion of the particlc sizc and shape measurement techniques
employed will be the subject of another work.

Apparatus and Compaction Technigues

The powders were compacted in a standard (Manesty, U.K.) hardened steel
cylindrical die of 10.0 mm diameter. Flat cylindrical samples of 6.5 mm final height
were produced using single end compaction. The compaction force was applied unia-
xially at constant speed by an Instron type universal testing machine of 100KN capac-
ity. The constant speeds of compaction used were: 0.5,2.0, 20, 100 and 200 mm/min.,
which correspond to average strain rates obtained of 0.00056, 0.00225, 0.0225,
0.1125 und 0.225/sec. respectively. These average strain rates are calculated, simply
by dividing the compaction speed, V, at each case by the initizl compact height, h =
14.81 mm, (i.e. £ = V/h). Also, the mcan particle sizes used from each material were:
150, 180, 212 and 250 pm. During each test Lhe axial load was monitored via load celi,
and the axiul displacement of the punch by means of LVDT. Load-displacement
curves were obtained on charts and later processed. A typical load displaccment
curve obtained during the compaction of PVC/675G powder at 0.5 mm/min constant
speed of compaction is shown in Fig. 2.

13
-

Max. load = 13.0kN

Ioading curve

Axil load, F, kN

Inilial compact height

' fimal compact
f — 14.81 mm Unioading curve!

i/ height, ht
0 1 1 | L 1 []
o 1 2 3 4 5 . 7 ] ) 10

Axial displacement, A |, mm

Fig. 2. Typleal load-displacement curve for PYC/H7SG powder compacted at constant speed of 0.5 mm/
min.



14 M.H.H, Es-Suhch

Inall tests, compacts were ejecied from the dic in the same direction as pressing.
Then, the compacts were tested for strength, at speed of 0.1 mm/sce. on the Instron
machine, by cmploying the traditional diametral compression *Brazilian™ test [5].
From the tests, the tensilc strength, g, for each green compact was then calculated
using the equation:

o, = 2F)(ndT) 2)

Where, Fis the breaking load, d and T are the diameter and thickness of the compact
respectively. The tensile strength obtained from the diamctral compression test, was
originally used for testing the strength of concrete in the early fifties by civil engineers
[25], and has since been used by many investigators to determine the tensile strength
of various materials, such as coul {26]. ceramics [27] and pharmaceutical compacts
[5,13,28].

Experimental Resulis

‘The measurements in each test were processed for graphical presentation. The
axial load is converted to axial pressure P, the punch displacement to axial strain €,
and strain rate €,. The average strain rate was obtained from the displacement-time
curves. The relative density D and tap density D, were calculated from the displace-
ment, mass of the powder and the measured true density. The tap density D, is equal
to the maximum initial density divided by the true density, where the maximum ini-
tial density, here. is the maximum density achieved by the powder mass within the
die befare it starts to resist the applied uxial loading. Then, from the obtained Heckel
plots for each case, and by the aid of a speciai software to check for the straight por-
tion of the plot, the mean yield pressure, 1/K, wascaleolated [5,13]. From thesc data,
typical characteristic plots were made for each powder to show the effect of strain
rate and particle size and shape on the powder behavior during compaction.

Typical Heckel plots at various speeds (strain rates) up to 200 mm/min. , and par-
ticle sizes, for PVC/678G powder are shown in Figs. 3 and 4 respectively. Each curve
1s obtaincd from a large number of experimental points and [rom more than one test.
Meanwhile the variations of the mean yield pressure, as well as the tensile strength,
for all materials and particle sizes, with the axial strain rate are displayed in Figs. 3
and 6. An interesting plot giving the vuriation of the relative tap density for all pow-
ders with the particle sizes is shown in Fig. 7.

A typical plot showing the variation of the axial compaction pressurc with the
axial comptession strain rates at different constant axial strains of compaction, for
PVC/70S powder of 250 um particle mean size is shown in Fig. 8. Tt is, however,
interesting to examine the axial pressure variation with the strain ratc for the three
materials considered over the whole range of strain rate. These are given in Fig. 9 all
at an axial strain of 35% and particle mean size of 250 um.
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Fig. 3. Typical Heckel plots for polyvinyl chloride powder (PYC/67SG), of 250 um particle mean size,
compacted at different constamt speeds.
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Discussion

In this series of tests the bulk density, average particle size, particle shape, etc.
were determined for a selection of plastic PVC loose powders before cold compacted
in a solid metal die. The objective was to identify the powder characteristics which
enhance the compactability of the powders so that those which do not compact well
in their current state could have their characteristics suitably maodified.

In general, however, the polymeric materials considered exhibit sensitivity to
the rate of loading. In the advent of high speed molding and production machines, it
becomes essential to recognize the degree of this sensitivity. From Fig. 3 it can be
seen that, at about 45% strain, which corresponds to In[1/(1-T)} of ~ 1.05 {(i.e. ~
65% relative density, I}), the axial pressure at 0.225 per sec (200 mm/min) exceeds
that at 0.00056 per sec (0.5 mm/min) by about 50% . All materials show an increase
of pressure with strain rate at the range studied {i.e. 10~ — 1.0 per sec). Also, for all
materials tested, non-linearity is observed in the Heckel plots over the whole pres-
sure and speed ranges investigated., as well as for all particle sizes, as can be seen in
Figs. 3and 4. Thisindicates that all the materials examined do not deform exclusively
by plastic deformation mechanism. Here, it is important to mention that the heckel
plot has typically been applied to matcerials, such like metals and pharmaceuticals,
where the deformation involved in these materials is mainly occurred via the motion
of dislocations. This is somewhat different to the deformation mechanisms involved
in the polymers which have viscoelastic nature. Consequently it will affect the non-
linearity of the Heckel plot.
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It is noticed that as the speed of compaction and particle size arc mcreased the
non-linearity of the plots increases. This in fuct supports the deformation mechanism
suggested by Es-Saheb [5] and Al-Hassani and Es-Saheb [3]; which is, as the speed
of compaction increases the plastic deformation of the material decreases and a frag-
mentation mechanism becomes increasingly dominant (i.e. the material tends to
behave in a morc brittle fashion), hence the increasing non-linearity of Heckel plots
and the higher values of the mean yield pressure, sce also Fig. 5. That is why most
materials exhibit end capping at high speeds. The phenomenon is usually assoctated
with brittle materials such as ceramics as reported by Thompson [14]. The interaction
between ductile and brittle behavior affects the degree of particle crushing and bond-
ing and hence the final compact strength as shown in Fig. 6. However, from all the
tests carried out in this work, is clear that all matcrials and particle sizes tested, dis-
played rate effects at varying degrees. All powders compacted offered increasing
resistance to the applied pressure at higher compaction rales, as it is shown in Figs.
8 and 9, The strain rate sensitivity, in descending order, of the materials tested is,
PVC/S78, PVC/T05 and PVC/67SG respectively as shown in Fig. 9.

Omne important feature worth noting is that at low rates the internal time-depen-
dent mechanisms which cause rclaxation are more significant. Alongside the
increase in pressure due to the resistance of powder to the imposed reduction of vol-
ume, there is also a tendency for the pressure to decrease with time. That is why an
average strain rate rather than an instantaneous strain rate was used.

Ideally, a constitutive equation which allows for strain rate should be fitted to
the results. But, this would require vigorous and complicatd mathematical consider-
ations. It is difficult as it is, without the influence of strain rate, to incorporate large
strains in the non-associative plasticity theory [4].

It is known that the amount of bonding (which js mainly due to the amount of
plastic deformation involved in the process) and the tensile strength of the formed
compact are functions of the bonding created by the main compaction pressure. Thus
as the speed of compaction is increased the final compacts arc, apparently, showing
higher tensile strength, see Fig. 6. This is actually due to the higher resistance of the
material to compaction which resulted in higher axial compaction pressure to be
attained. But, as discussed abhove and shown in Figs. 3 and 4, for the different speeds
and the same particle size powder, the axial pressure required to achieve the same
amount of compaction (struin) is higher as the speed of compaction is increased, see
Figs. 8 and Y, and hence more bunding is expected and consequently a relatively
stronger tompact is obtained, as displayed in Fig. 6. Also, the strength of the formed
compact is noticed to increase as the particle size increases.

As far as the relative tap density is concerned, we note that for all materials
tested the relative tap density is increasing as the particle size decreases, see Fig. 7.
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This is truc because, as the relative dimensions of particles to the die are increased,
much better packing is expected, and hence more resistance to compaction is
encountered. However, PVC/57S powder is noted (o give the higher tap density.
This would be attributed to the facts that it has the finest particle size distribution and
the more irregular particle shape (see Fig. 1).

Conclusion

There is general tendency for all the powders tested to exhibit increased resis-
tance to compaction with strain rate. At high strain rates the brittle behavior domi-
nates the process and compact ‘capping’ becomes more prominent. The powder with
rclatively lower bulk density and fine itregular particles has the best combination of
characteristics lo facilitate good compaction.
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