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Mechanism of sintering between polypropylene 
beads 
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Department of Materials Technology, Brunel University, Uxbridge, Middlesex UB8 3PH, UK 

Using experimental results obtained by hot-stage light microscopy, the sintering behaviour of 
off-reactor spherical grades of polypropylene and poly(methyl methacrylate) were considered. 
Sintering rates were found to be strongly influenced by initial particle size, melt temperature 
and viscosity and could be modelled using the Frenkel equation. Examination of the 
microstructure between sintered polypropylene particles revealed a distinct transcrystalline 
zone, which was relatively insensitive to sintering temperature and cooling rate. 

1. I n t r o d u c t i o n  
1.1. General information 
Sintering is a term commonly used to describe coales- 
cence of solid powder particles at elevated temper- 
atures and comprises three principal stages; neck 
growth (joining particles together), densification, with 
the formation of interconnecting pore channels, fol- 
lowed by spheroidal shaping and isolation of pores 
[1]. These stages of sintering result in bonding 
together of particles and ultimately, to removal of 
internal porosity, causing external shrinkage and 
achievement of desirable physical properties. 

Sintering processes are of major importance in pow- 
der metallurgy and in the processing of ceramics, and 
consequently have been the subject of considerable 
research effort [1-3]. Although less significant than 
melt processing of polymers by extrusion and injec- 
tion moulding technologies, polymer sintering has an 
important role to play in the fabrication of artefacts, 
for example, by rotational moulding and fluidized-bed 
coating. Special processes have been developed for 
producing porous and densified products by sintering 
techniques, especially with polymers such as poly- 
(tetrafluoroethylene) (PTFE) and ultra-high molecular 
weight polyethylene (UHMWPE), which are diffi- 
cult to process by conventional melt-conversion 
procedures. 

During sintering, there is a thermodynamic driving 
force for powders to move to a lower energy state by 
reducing their surface energy [4] Kinetic factors are 
also important, because for sintering to proceed, 
atoms must have sufficient mobility to move to new 
positions, which, in turn, is dependent on sintering 
temperature. 

Mechanisms by which particles may unite and coal- 
esce during sintering vary according to the material 
type and conditions of sintering, but include; evap- 
oration and recondensation, atomic diffusion at the 
surface or in the bulk of the material, plastic flow by 
dislocation movement in crystalline materials, and 
viscous flow [3]. More than one of these mechanisms 
may operate in sintering at the same time and the 

dominant mechanism may change during the sintering 
process. With polymers, however, only the viscous 
flow mechanism is considered to be of any major 
significance [5]. 

Although the mechanisms which operate during 
sintering may depend on material type, studies using 
spherical particles have enabled development of a 
common model [1] 

- a m (1) 

where a is the particle radius, n the neck radius, t the 
sintering time and K a temperature-dependent con- 
stant. The magnitude of exponents n and m relate to 
the dominant mechanisms operating and may be sum- 
marized as in Table I. 

1 . 2 .  P o l y m e r  s i n t e r i n g  
Polymer particles, which are in contact with each 
other at temperatures above their glass transition or 
melting points, will initially form a neck, then coalesce 
[10]. This process occurs by movement of material 
from the centre of the contact region radially out- 
wards to expand the neck between the two particles. 
This is believed to occur by a viscous flow mechanism 
in the contact zone [11, 12] with tensile capillary 
forces operating in the neck region [5]. 

The expression formulated by Frenkel [6], for pre- 
diction of viscous sintering with glasses, serves as a 
basis for modelling polymer sintering 

X 2 3Ut  

a 2r I 
(2) 

where u is the surface tension and r/ is the melt 
viscosity. This model assumes that coalescence occurs 
by mutual penetration of the particles into one an- 
other forming a sharp neck at the point of contact, and 
that in order for the volume of the two incompressible 
particles to remain constant, the radius of the particles 
is increased. Because this limits the model to the early 
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T A B L E  I Exponents associated with principal sintering mech- 
anisms [6-9] 

n m 

Viscous or p~astic flo~," 2 1 
Evaporation/condensation 3 2 
Bulk diffusion 5 3 
Surface diffusion 7 4 

stages of sintering, a correction has been proposed 
[11], which considers the formation of a rounded neck 
and maintains constant particle volume and radius, as 
is observed experimentally. 

Other modifications to Frenkel's model include the 
incorporation of a term describing a four-element 
Maxwell-Voigt model to account for polymer visco- 
elasticity [13] and adjustments to take account of 
possible non-Newtonian polymer melt flow. However, 
in several investigations using poly(methyl methacryl- 
ate) (PMMA) beads, Rosenzweig and Narkis [15] 
detailed improved procedures for the analysis of 
sintering between two connected particles and con- 
cluded that the mechanism of sintering was essentially 
Newtonian in accordance with Frenkel's model. 

A study of polymer sintering behaviour is complic- 
ated by the presence of ordered polymer morphology. 
Several studies [16, 17] have shown that with semi- 
crystalline polymers, the internal morphology of a 
particle plays an even more important role than just 
its size. With ultra-high molecular weight polyethyl- 
ene (UHMWPE), particles were considered to be ag- 
gregates of small nodules of less than 1 gm diameter 
and the size of these nodules was thought to influ- 
ence markedly the overall sintering process. Sintering 
rates were also enhanced by the presence of an internal 
fibrillar microstructure, which increased the number 
of inter-particle contact points. More recently, other 
workers [18] have also concluded that certain semi- 
crystalline polyethylenes with highly developed inter- 
nal morphology gave unpredictably fast rates of 
sintering due to their higher surface energy. Analysis 
of sintering behaviour could not be accounted for 
using existing sintering models. 

The results presented here extend the work pre- 
viously reported, by considering the mechanics of 
sintering between polypropylene beads, which are 
produced in spherical form by the method of poly- 
merization. Being semi-crystalline, the microstruc- 

tures produced during sintering are also of interest 
and receive special consideration. 

2. E x p e r i m e n t a l  p r o c e d u r e  
2.1. Materials 
Different grades of Valtec polypropylene homopoly- 
mer and copolymer with a range of molecular weights, 
were selected for this investigation (Table II). Con- 
veniently, these are produced in a.pproximately spher- 
ical form using special catalyst technology, facilitating 
study of their sintering kinetics. 

As mentioned earlier, much of the previously re- 
ported work describing the sintering behaviour of 
polymers has been undertaken using poly(methyl 
metbacrylate) beads. Hence, Diakon PMMA powder 
was included in this work to provide comparison with 
results obtained from polypropylene. 

The microstructure at the interface between sintered 
spherical polypropylene beads, was also compared 
with that obtained using polypropylene homopolymer 
particles (Propathene GSE 16) obtained by knife 
milling extruded granules. 

2.2. Sintering procedures 
Sintering analysis was undertaken on a Reichert hot- 
stage microscope fitted with a t0 gm graduated eye- 
piece. This allowed sintering measurements to be 
undertaken directly from the microscope, avoiding the 
need to analyse micrographs in a subsequent step. 

To study isothermal sintering behaviour, two sim- 
ilarly sized polymer particles were placed in contact 
on a freshly washed glass slide mounted on the micro- 
scope stage and in the centre of the field of view 
through the lens. (Siegmann et al. have shown that a 
glass substrate does not influence the sintering process 
[181) 

The cover to the hot stage was fitted and the tem- 
perature rapidly raised to the required sintering tem- 
perature. Measurements of the sintering process were 
taken as soon as the polymer had reached its melting 
point. 

Neck radius was determined as a function of time, at 
a constant sintering temperature. This procedure was 
repeated for three pairs of particles from each polymer 
grade and at isothermal sintering temperatures of 180, 
190 and 200~ 

TAB L E t I Characteristics of polymers studied 

Polymer type Shape Code MFP Particle size (~tm) 
(g/10 rain) (median) 

PP homopolymer Spherical PP-Q 1 500-1000 (750) 
PP homopolymer Spherical PP-7T 2 500 1000 (750) 
PP homopolymer Spherical PP-T 3 500 1000 (750) 
PP homopolymer Spherical PP-F 12 500-1000 (750) 
PP copolymer b Spherical PP-EPT 3 500-1000 (750) 
PP homopolymer Irregular - GSE16 0.8 400-800 

chips 
PMMA Spherical PMMA 

" Measured at 230~C using 2.I6 kg load. 
b Heterophase ethylene-propylene block copolymer with 7%-9% ethylene content. 
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Figure 1 The influence of temperature on the rate of neck formation between sintered polymer particles. ( ) Experimental results, ( - - - )  
predicted results using Frenkel equation. ( , )  200 ~ (IB) 190 ~ (0) 180 ~ (a) PMMA, (b) PP-Q, (c) PP-7T, (d) PP-T, (e) PP-F, (f) PP-EPT. 

The relative effects of initial particle size and melt 
viscosity on sintering kinetics, were also assessed at 
190 ~ by maintaining one of these parameters con- 
stant and varying the other. 

2.3. Po lymer  melt  r h e o l o g y  
Melt viscosity data were measured at 190 ~ using a 
Rosand capillary rh6ometer using long and short dies 
over a shear rate range of 90-1500s -1. Values for 
apparent shear viscosity were corrected for end effects 
and extrapolated to yield a shear viscosity at a shear 
rate of 0.3 s-  t. This value was used in the modelling of 
sintering kinetics. 

2.4. In terpar t ic le  m o r p h o l o g y  
Sintered polypropylene particles were prepared at 

constant temperatures of 180 and 200~ until the 
neck radius was approximately equal to the particle 
radius. Samples produced at these temperatures were 
quenched from the sintering temperature in a water/ 
ice mixture at 0~ and by slow cooling in air. In 
addition, the microstructure of the unsintered polymer 
particles was also examined. 

From each of the prepared samples, microtomed 
sections (approximately 5 lam thick) were obtained 
using a sledge cold-stage microtome. To facilitate 
specimen preparation, sintered particles were placed 
on top of an ice layer on the cold stage then covered in 
water to encase them in ice. By this means, the speed of 
preparing sections was greatly increased, compared to 
more conventional resin encapsulation methods, and 
good control of the specimen positioning was ob- 
tained. Microtomed sections were taken at various 
levels through the specimen thickness and across the 
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interparticle neck region, then examined under a 
Reichert-Jung Microstart 110 microscope using 
crossed polars. 

3. R e s u l t s  a n d  d i s c u s s i o n  
3.1. Kinetics and mechanisms of sintering 
Isothermal sintering results for the spherical poly- 
propylene and poly(methyl methacrylate) particles are 
shown in Fig. la-f, as the relationship between x /a  
(the ratio of interparticle neck to particle radius) and t 
(the sintering time). The curved form of these graphs is 
consistent with sintering data reported for many other 
materials. The progressive decrease in sintering rate 
observed, is due to the reduction in excess surface area 
effected as the sintering process progresses [4]. 

As might be expected, raising the sintering temper- 
ature results in an increase in the rate of sintering, due 
to greater molecular mobility and increased material 
transport in the sintering zone. 

The assumption that the flow in polymer sintering is 
Newtonian was made by Narkis [14], who argued 
that although polymers generally exhibit pseudoplas- 
tic melt flow, during polymer sintering shear rates are 
so low that flow remains Newtonian. 

Kuczynski et al. [5], however, proposed a relation- 
ship based on power law flow to describe polymer 
sintering phenomena 

where n is a temperature-dependent constant, which 
varies according to the melt flow behaviour, from 
dilatent at low temperatures to pseudoplastic at 
higher temperatures. 

To assess whether or not melt viscosity in the pre- 
sent study was Newtonian, the relationship between 
log x /a  and log viscosity is given in Fig. 2. Elonga- 
tional viscosity data are presented, calculated from 
shear viscosity data (as explained later), because this is 
believed to be the predominant form of melt flow 
during sintering. The gradient obtained from a linear 
regression analysis of these data gave a value of 
-0 .48  verifying the Frenkel model, and confirming 

that the melt flow during the sintering process was 
Newtonian. 

O, 
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Initial particle size is also considered to be a critical 
parameter in polymer sintering. For example, Jaya- 
raman et al. E193 concluded that by using smaller 
particles the sintering rate could be increased. To 
assess the effect of polypropylene particle size on 
sintering kinetics, experiments were undertaken on Q 
grade beads, varying in radius from 430-380 pm. The 
extent of neck formation (log x/a)  is related to initial 
particle size (log a) in Fig. 3. The gradient of this curve 
is calculated as - 0.45 which again closely approxim- 
ates Frenkel's theoretical relationship, i.e. 

x 
- oc  1 / a  1/z (4) 
a 

This derives from the fact that the smaller the particle 
size the greater its surface area and thermodynamic 
driving force, thereby increasing the rate of sintering. 

Representation of the experimental data, as the 
relationship between log (x/a) 2 and log t, is shown for 
the polymer grades.studied in Fig. 4 at three different 
sintering temperatures. Using a least squares regres- 
sion analysis, gradients were determined, which are 
summarized in Table III. These are very close to a 
theoretical value of 1, which would be the case for 
polymer sintering by a viscous flow mechanism. This 
contrasts with values of between 0.5 and 5 obtained by 
Kuczynski et al. [5] using PMMA over a wider tem- 
perature range than that employed in the present 
study and between 0.89 and 1.82, found by Narkis 
[14], again using PMMA. 

Calculated polymer sintering rates at 190~ were 
determined using the Frenkel equation (Equation 2) 
with the following assumptions: 

(i) particles were considered to be of an equal size 
and perfectly spherical; 

(ii) the value of surface tension, t), was taken as 
34 mN m-a, as has been reported previously [17, 20]; 

(iii) all sintering stresses were considered to be 
tensile [5, 21]. 

To obtain elongational viscosity data for use in this 
model, values of Trouton viscosity were calculated 
from the experimentally determined shear viscosity 
data extrapolated to give a value of apparent viscosity 
at a shear rate of 0.3 s-1 following recommendations 
from previously published work [18]. Assuming melt 
incompressibility and a Poisson's ratio of 0.5, Trouton 
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Figure 2 The effect of melt viscosity on degree of sinter with 
polypropylene beads, 
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Figure 3 The effect of particle size on the degree of sinter with 
polypropylene beads. 
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Figure 4 Logarithmic rates of neck formation between sintered polymer particles. (T) 200 ~ (O) 180 ~ (11) 190 ~ (a) PMMA, (b) PP-Q, 
(c) PP-7T, (d) PP-T, (e) PP-F, (f) PP-EPT. 

viscosities were calculated from three times the appar- 
ent shear viscosity [22]. 

Good agreement is seen between predicted and 
experimentally determined rates of sintering for all of 
the polymers studied (Fig. 1). 

T A B L E I I I Gradients of log (x2/a) plotted against log time 

Polymer grade Sintering temperature (~ 
180 190 200 

Q LA7 1.02 L06 
7T 0.95 1,15 1,07 
T 0,99 0.96 t .06 
F 1,07 1.05 098 
EPT 0.98 0.80 083 

3.2. Micros t ruc ture  
It has been observed that certain semi-crystalLine 
polymers sinter at unexpectedly fast rates, due to their 
highly developed internal morphology and increased 
surface energy [181 However, as discussed earlier, the 
spherical forms of polypropylene used in this work 
followed a classical sintering mechanism. Microtomed 
sections of the unsintered polymer viewed under 
crossed polars, revealed only limited or partial 
development of crystalline morphology (Fig. 5), which 
presumably had little influence on the sintering kin- 
etics. It is apparent from Fig. 6 that at low sintering 
temperatures (180 ~ the lack of organized structure 
evident in unsintered polymer was to some extent seen 
in sintered malerial (see, for example, Fig, 6d) al- 
though in most cases a more fully developed micro- 
structure had resulted~ 
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Figure 5 Polarized light micrographs of unsintered polypropylene 
particles. (a) PP-Q, (b) PP-7T, (c) PP-T, (d) PP-F, (e) PP-EPT. 

The reduced structural order present in this form of 
unsintered polypropylene, compared to conventional 
pellets is claimed to give easier melting and increased 
productivity in melt-processing operations [23]. It 
may also influence the sintering kinetics, because 
the polymer may exhibit characteristics closer to an 
amorphous rather than a semi-crystalline polymer. 

Of particular interest, is the nature of the micro- 
structure at the interface between sintered particles 
(Fig. 6). Whereas the spherulitic growth within the 
particles appeared uniform and isotropic, at the point 
of contact between sintered particles a distinct trans- 
crystalline columnar structure is apparent. This form 
of morphology can also be seen around the periphery 
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of the particles away from the sintered neck zone. It is 
likely that the presence of transcrystallinity will intro- 
duce discontinuities into the overall spherutitic poly- 
mer microstructure producing a region of mechanical 
weakness along the weld zone between contacting 
particles. 

Although no significant differences in microstruc- 
ture were apparent between polymers sintered at 180 
and 200 ~ (Fig. 6), rapid cooling of sintered speci- 
mens caused a significant reduction in spherulite size 
and a corresponding decrease in the depth of the 
transcrystalline layer (Fig. 7). It was thought possible 
that stabilizer added to the surface of the polypropyl- 
ene particles after polymerization, may have resulted 
in surface nucleation and the formation of the ob- 
served transcrystalline zone. Sintering experiments 
were conducted, therefore, on size-reduced polypro- 
pylene granules made by an extrusion process and 
containing well-distributed stabilizer particles. How- 
ever, as can be seen in Fig. 8, a clear zone of trans- 
crystallinity is again dominant at the interface be- 
tween sintered particles, from this material. 

It has been reported that during viscous sintering 
between polymer particles, tensile capillary forces are 
developed which cause the polymer to flow outwards 
from the centre of the neck [11, 21]. To verify this 
phenomenon with polypropylene beads used in this 



Figure 6 The influence of sintering temperature on the microstructures of polypropylene particles. (a, b) PP-Q, (c, d) PP-7T, (e, f) PP-T, (g, h) 
PP-F, (i, j) PP-EPT. (a, c, e, g, i) 200 ~ (b~ d, f, h,j) 180 ~ 
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Figure 7 The effect of cooling rate on the microstructure of sintered polypropylene particles. (a, b) PP-Q, (c, d) PP-7T, (e, f) PP-T, (g, h) PP-F 
(i,j) PP-EPT. (a, c, e, g, i) 25~ air; (b, d, f, h,j) 0~ ice/water. 
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tion of transcrystallinity, although rapid quenching 
reduced the average size of the spherulites by an order 
of magnitude, The cause of this mass nucleation, res- 
ulting in transcrystalline growth could not be at- 
tributed to the presence of polymer stabilizer believed 
to be situated at the surface of the particles. 

Using a tracer technique, contacting polypropylene 
particles were observed to flow radially outwards from 
the centre of the neck. 

Figure 8 Iater-particle microstructure of sintered Propathene GSE 
16 polypropylene. 

study, a tracer experiment was undertaken, in which a 
small quantity of blue dye was placed at the point of 
contact between two polymer particles. As sintering 
proceeded the tracer was seen to spread outwards 
along the weld line as neck formation developed. 
Microscopic examination of microtomed sections 
through this area, showed that the dye tracer was 
distributed across the whole of the interfacial zone and 
at the centre of the transcrystalline region between the 
particles. 

4. Conclusions 
Reproducible analysis of sintering rates between poly- 
propylene particles can be undertaken by direct meas- 
urements on a hot-stage microscope. 

Both spherical off-reactor grades of polypropylene 
and PMMA beads heated to temperatures between 
180 and 200 ~ sintered by a viscous Newtonian flow 
mechanism. 

Good agreement was seen between experimental 
results for polypropylene obtained at 190 ~ and Pre- 
dicted sintering rates using the classical Frenkel 
model, as has been previously reported for amorphous 
PMMA, but in contrast with the results for certain 
semi-crystalline polymers, including polypropylene. 
This may be due to the apparent lack of structural 
order seen in the unsintered off-reactor polypropylene 
beads used in this study. Changing the particle size 
and melt viscosity of this material also gave sintering 
rates which agreed well with the Frenkel model. 

Distinct zones of transcrystallinity were seen at the 
interface between sintered poIypropyIene particles, 
and cooling rate did not significantly affect the forma- 
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