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Sintering mechanisms involved in high-velocity compaction
of nascent semicrystalline polymer powders

D. Jauffres®, O. Lame?, G. Vigier**, F. Doré®, T. Douillard

d MATEIS, INSA-Lyon, CNRS UMRS5510, Bdt. B. Pascal 7 Avenue Jean Capelle, F-69621 Villeurbanne cedex, France
Y CETIM, 7 rue de la presse, BP802, F-42952 Saint Etienne cedex 9, France

A new technique, high-velocity compaction (HVC), allows the processing of nascent semicrystalline polymer powders via sintering. For
the two polymers studied, polyoxymethylene (POM) and ultra-high molecular weight polyethylene (UHMWPE), it has been observed
that during HVC a fraction of the nascent polymer undergoes melting. After cooling, the material thus comprises both nascent polymer
that has not undergone melting and melted-recrystallized polymer. First, the localization of the melted-recrystallized polymer is
investigated by microscopic techniques and nanoindentation. This reveals that melting occurs first at particle interfaces. Then, it is dem-
onstrated that welding of the particles occurs via chain diffusion and recrystallization during the cooling. The efficiency of these welding
mechanisms is discussed in order to gain an insight into the possibilities of using HVC to process different types of polymers. In addition it
is shown that for a given material the overall sintering quality is governed by the fraction of recrystallized material.
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1. Introduction “Sintering” processes have been developed to process,

for example, UHMWPE [1,2] and PTFE [3,4]. Unlike met-

The success of thermoplastic polymers is largely due to
their ability to be processed quickly and cheaply by injec-
tion or extrusion molding; however, in some cases these
process methods face problems, including the following:

e risk of polymer chemical degradation induced by high
processing temperature;

e significant shrinkage and cavity formation during crystal-
lization due to the density difference between crystalline
and amorphous phases (e.g. it is nearly impossible to pro-
duce thick items made from polyoxymethylene (POM));

e the requirement for low viscosity, leading to the unpro-
cessability of some polymers and limiting the use of fill-
ers (e.g. polytetrafluorocthylene (PTFE) or ultra-high
molecular weight polyethylene (UHMWPE)).

Corresponding author.
E-mail address: Olivier.lame@insa-lyon.fr (G. Vigier).

als and ceramics, sintering of polymers requires complete
melting of the material. Another route to avoid the afore-
mentioned problems consists in using solution process.
These processes offer satisfactory solutions to viscosity lim-
itations, but they are long (several hours) and expensive.
Moreover, use of solvents is increasingly unacceptable
due to environmental considerations. To address shrinkage
problems, some attempts have been made to sinter POM
[5] and UHMWPE [6] below their melting temperature,
but these processes are still under development.
High-velocity compaction (HVC), an innovative process
developed in collaboration with CETIM (Technical Center
of French Mechanical Industry), allows the processing of
polymer powders via sintering [7]. It consists in applying
several controlled energy impacts to a heated and pow-
der-filled die (Fig. 1). The die is pre-heated at a temperature
called the “processing temperature”, 7, (first processing
parameter). The “total energy” is the second processing
parameter and refers to the kinetic energy of one impact
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Fig. 1. Schematic representation of the three steps of the HVC process.

multiplied by the number of impacts. The details of the
HVC process are described elsewhere [7,8]. The energy dis-
sipated in the sample causes its self-heating: temperatures
up to 20 °C above the starting temperature have been mea-
sured in samples just after their ejection, which shows that
this phenomenon is considerable. The first dozen impacts
lead to nearly full densification.

Two semicrystalline polymers, POM and UHMWPE,
have been successfully processed by HVC [7,8]. These poly-
mers have been chosen for several reasons, principally
because they crystallize easily and exhibit a high degree
of crystallinity. Previous studies have shown that the
HVC process requires easy crystallizable polymers. More-
over, as noted above, POM and UHMWPE are very diffi-
cult to process and HVC provides a suitable alternative
approach. Finally, these polymers have very different melt
viscosities, and this will help to evaluate the abilities of
HVC. Nascent powders, directly extracted from the poly-
merization reactor, have been used as starting material.
These powders have a high degree of crystallinity, which
is irreversibly lost after the first melting and thus cannot
be attained by crystallization from the melt (i.e. during
conventional processing). The physical and mechanical
properties of HVC POM and HVC UHMWPE have been
studied in detail elsewhere [7,8]. The maximum strength is
obtained after several high-energy impacts, at a processing
temperature 7, close to, but below, the polymer melting
point.

Due to topological constraints in its amorphous phase,
UHMWPE nascent powder exhibits a higher melting peak
position than melt-crystallized material during a differen-
tial calorimetry scan (DSC) at 10°C min~' [9]. Conse-
quently, the occurrence of a double melting peak for
HVC UHMWPE clearly demonstrates the presence of both
nascent highly crystalline polymer retained during the pro-
cess, and melted-recrystallized polymer (Fig. 2 and Ref.
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Fig. 2. DSC curves of HVC UHMWPE processed at 120 °C and total
energies ranging from 900 to 3400 J g~'. From Ref. [8].

[8]). As nascent polymer recrystallizes with a lower crystal-
linity after melting, a slight decrease in the crystallinity is
also observed, both for HVC POM [7] and HVC
UHMWPE [8].

HVC materials exhibit a high elastic modulus due to the
partial preservation of nascent high crystallinity. Indeed, it
is generally admitted that within the elastic domain, the
strain is mainly located in the amorphous phase which is
believed to be 10>-10* times softer than the crystalline
phase, and thus the modulus strongly increases with
decreasing amorphous content [10].

At low total energy, the material is brittle with a low
fracture stress: powder particles are only poorly welded.
On the contrary, at higher total energy, particles are
strongly bonded together as proved by the significant duc-
tility of the material [8]. Due to the intrinsic brittleness of
nascent powder particles at 20 °C, HVC POM is brittle,
but its fracture strength is high and the fracture surface is
trans-particle, which confirms that a large number of inter-
faces are welded [7]. For HVC processing, sintering refers
to the overall consolidation resulting from local welds of
the particles. Therefore, the sintering “quality” depends
on the number of welded interfaces and on weld strength.

It has been possible to obtain the fraction of recrystal-
lized material fz from DSC curves by a deconvolution
method and from the degree of crystallinty [8]. In Fig. 3,
fr is plotted as a function of total energy for different pro-
cessing temperatures 7, specified by their position com-
pared to T,, the nascent powder onset of melting peak
measured at 10 °C min~', i.e. 130 °C for UHMWPE and
170 °C for POM. It is observed that fz increases with T,
and total energy.

As POM nascent powder is not protected by antioxi-
dants and melted POM has very low viscosity, thermo-
chemical degradation and polymer flowing at ejection
limit the processing temperature. Consequently, the maxi-
mum recrystallized phase fraction obtained was only about
25%. On the contrary, in the case of UHMWPE, it has
been possible to reach large fz, up to 90%, since
UHMWPE is extremely viscous in the melted state and
has a higher resistance to degradation.
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Fig. 3. Recrystallized phase fraction fz of HVC material vs. total energy
for different processing temperatures 7,. Filled symbols refer to HVC
UHMWPE while open symbols refer to HVC POM. fx is obtained with an
absolute precision of about 10%.

In this paper, electron and optical microscopy, as well as
nanoindentation results, bring new evidence for the pres-
ence of the recrystallized phase. In addition, they provide
an insight into the spatial distribution of the two phases.
A detailed review of the possible sintering mechanisms is
provided and the overall sintering quality is discussed.

2. Materials and methods
2.1. Low-voltage scanning electron microscopy (SEM)

HVC material failure surfaces from tensile tests were
observed using a FEI XL-30 ESEM field emission gun
scanning electron microscope at low accelerating voltage.
The use of low voltage (0.8-1.4 kV) allows the observation
of non-conducting samples without metal coating and thus
the original sample surface characteristics are preserved.
This is particularly important for the observation of micro-
fibrils on HVC material failure surfaces. It is worth noting
that the electron beam damages the fibrils and that the
observation must be performed quickly.

2.2. Nanoindentation

Nanoindentation experiments were performed on a
Nano IndenterIl from MTS Nano Instruments (Oak
Ridge, TN). This technique notably allows the concept of
hardness to be extended to soft materials and provides a
measure of the modulus of elasticity. Furthermore, the
instrumented nanoindentation device acts as a mechanical
probe down to the nanometer scale. The experiment con-
sists in loading and unloading a surface with a diamond
tip and measuring the material response. Flat surfaces of
a few mm? were obtained by cutting samples with a cryoul-
tramicrotome and a glass knife. A specific indentation pro-
cedure, coming from our group experience [11], was used to
limit the influence of viscoelastic creep. This procedure
involves several loading, unloading and holding segments
until a fixed depth of 500 nm and ends with a complete

unloading. The loading and unloading segments were per-
formed at 10 nm s,

The load P is plotted as a function of the displacement 4,
and the slope S of the tangent to the unloading segment is
used to evaluate the local Young’s modulus E as follows
(Fig. 4) [11,12]:
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where Ep is the so-called reduced modulus, 4 is the contact
area between the indenter tip and the material under the
maximum load P,,,,, v is the Poisson’s ratio of the tested
material, and v; and E; are the Poisson’s ratio and the
Young’s modulus of the indenter tip. A4 is estimated from
the indentation depth and the geometry of the tip (a stan-
dard Berkovich nanoindentation tip). A value of 0.4 was
used for the POM and UHMWPE Poisson ratios. It should
be noted that the choice of Poisson ratio has only slight
influence on the calculated modulus [11].

Local Young’s modulus values obtained by nanoinden-
tation are generally higher than macroscopic Young’s
moduli in the case of polymeric materials. Viscoelastic
creep during unloading leads to an overestimate of the
modulus, even with the use of a specific procedure devel-
oped to limit its influence [12].
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2.3. Optical microscopy

Optical microscopy was used to observe the surfaces
before and after nanoindentation experiments. It was per-
formed on a Zeiss Axiophot microscope equipped with a
numerical acquisition system. The use of differential inter-
ference contrast mode (also called Nomarski contrast),
which enhances the perception of the topographym was
helpful to visualize the indentation marks, especially in
the case of UHMWPE.
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Fig. 4. Typical load-displacement curve obtained during polymer
nanoindentation.



2.4. Atomic force microscopy (AFM)

AFM was performed to observe the relief of the cryoul-
tramicrotomed surfaces. A Veeco NanoScope Dimension
3100 (Santa Barbara, CA) was used in tapping mode with
tips oscillating in air at a frequency close to the cantilever
resonance frequency (~300 kHz).

3. Results
3.1. Two-phase structure investigated by low-voltage SEM

Our intention was to localize the recrystallized phase,
which is believed to be softer than the nascent one due to
its lower crystallinity [7,8,13]. Fracture surfaces of several
HVC materials have been examined under low-voltage
SEM. In Figs. 5 and 6, fracture surfaces of HVC POM
and HVC UHMWPE with moderate fz are displayed. In
both cases, fracture occurs at the particle boundaries,
which exhibit numerous fibrils revealing significant local
deformations. It is thought that the softer phase, i.e. the

Fig. 5. Interparticle fracture surface of HVC POM from a bending test
carried out at 130 °C. Moderate recrystallized phase fraction (fg ~ 20%).
Arrows indicate fibrils (recrystallized phase) and crosses indicate nascent
particles.

Fig. 6. Interparticle fracture surface of HVC UHMWPE from a tensile
test carried out at 20°C. Moderate recrystallized phase fraction
(fr ~40%). Arrows indicate fibrils (recrystallized phase) and crosses
indicate nascent particles.

recrystallized phase, concentrates the deformations and
breaks first. It follows that in Fig. 5 and the fibrils corre-
spond to highly stretched recrystallized phase, which sug-
gests that this phase is partially located at particle
interfaces.

It should be noted that in the case of HVC POM, during
a mechanical test at 20 °C, samples failed in a brittle man-
ner within the nascent phase (trans-particle failure) due to
nascent particle intrinsic brittleness [7]. Therefore, in order
to allow deformations of the recrystallized phase, the frac-
ture surface (Fig. 5) has been obtained after a mechanical
test performed at 130 °C. Indeed, nascent POM particles
are no more brittle above the so-called o, mechanical relax-
ation attributed to crystalline mobility (around 100-120 °C
at 1 Hz) [7].

Above fr=150%, the fracture surfaces exhibit thick
fibrils, suggesting the presence of large regions of recrystal-
lized material that could correspond to entirely melted—
recrystallized particles (Fig. 7). In this case, the observation
of fracture surfaces does not allow us to assess the localiza-
tion of the phases due to large deformations of a significant
fraction of the material.

3.2. Two-phase structure investigated by optical microscopy
and nanoindentation

In light of the fracture surface analysis, it is thought that
a part of the recrystallized polymer is located at particle
interfaces at low fr Nanoindentation was performed to
attempt to obtain more direct evidence of recrystallized
phase localization. As already mentioned, the recrystallized
phase should be softer than the nascent phase owing to its
lower crystallinity. For UHMWPE, it has been shown that
there is a linear dependence of the macroscopic elastic
modulus on the recrystallized phase fraction fz. Assuming
that HVC UHMWPE recrystallized phase elastic modulus
is equal to that of conventionally processed UHMWPE, an
extrapolation has allowed us to estimate the nascent phase
elastic modulus, which turns out to be nearly double [8].
Consequently, the modulus contrast between the two
phases should be detectable by nanoindentation. The fol-
lowing approach has been used for both materials:

Fig. 7. Fracture surface of HVC UHMWPE. Very high recrystallized
phase fraction (fz ~ 80%).



e an indentation series was first performed on a melt-crys-
tallized sample to evaluate local variations within a sin-
gle phase and experimental uncertainty;

e the same experiment was performed on a HVC sample;

e the indent marks on the HVC sample were observed by
optical microscopy and their image was displayed super-
imposed on the indentation results to locate the stiff and
soft regions.

A series of 50 indents on a straight line was examined.
Indents were made every 10 um in such a way that a line
of 490 pm is probed, which is several times larger than
the average particle size (around 100 pm).

First, the optical micrographs of indented surfaces are
presented and analyzed, and then the elastic moduli from
indentation experiments are superimposed on the corre-
sponding micrographs to locate the different phases. The
indent marks are clearly visible on the HVC POM sample,
as seen in Fig. 8. However, only rare incompletely welded
interfaces can help to distinguish the original particles. It
should be noted that examination at higher magnification
has shown that the large black marks correspond to dust
or scratches and not to porosities.

On the micrograph of HVC UHMWPE (Fig. 9) a signif-
icant contrast is present and particles are clearly visible, but
the indent marks are difficult to distinguish within the dark
zones. However, the use of Nomarski contrast mode at the
highest magnification enabled the indents always to be
located.

Before analysis of indentation data, the origin of the
contrast observed on HVC UHMWPE samples will be dis-
cussed. Cryoultramicrotomy surfacing is believed to pro-
duce extremely flat surfaces that would reflect light and
appear bright under optical microscope (this is actually
what is observed on melt-crystallized and HVC POM sam-
ples). Consequently, dark regions could reveal a more sig-
nificant relief that would reflect less light. This relief
difference has been confirmed by AFM observation: it is
seen in Fig. 10 that the left region, which appears dark, pre-
sents a higher relief. In addition, height and lateral dimen-
sions of the bumps in the dark zone are of the same order

Fig. 8. Optical micrograph of HVC POM. Recrystallized phase fraction
fr~ 20%. Crosses indicate nascent particles.

Fig. 9. Optical micrograph of HVC UHMWPE. Recrystallized phase
fraction fx ~ 50%. White arrows indicate recrystallized interfaces. Crosses
indicate large melted-recrystallized zones. The black line going from top
to bottom is an artefact due to microtomy.

Dark region Bright region

Fig. 10. AFM height image obtained in standard tapping mode showing
the relief difference between dark and bright regions.

of magnitude as the light wavelength, confirming that inter-
actions between light and surface are possible.

Nascent UHMWPE is suspected to have considerable
internal stresses created during simultaneous polymeriza-
tion and crystallization [14]. Therefore, one possible expla-
nation for the observed relief would be that these internal
stresses relax after microtomy to create micron-sized
bumps. In this case, the relief would not appear in recrys-
tallized zones, and dark zones would reveal the presence
of nascent material.

Additional optical microscopy observations have been
conducted on HVC UHMWPE samples with different frac-
tions of recrystallized phase to confirm this hypothesis. In
Fig. 11, it is observed that a sample with a low recrystallized
phase fraction (determined by DSC) effectively exhibits
mainly dark zones. It is of great practical interest to obtain
an insight into the fraction of recrystallized material and
the spatial distribution of the two phases. Considering the
hypothesis that the recrystallized phase appears brighter,
two types of interfaces are observed within HVC UHMWPE
samples: open interfaces (i.e. interparticle voids) appearing
black, and recrystallized interfaces appearing white. It is
noteworthy that while at low recrystallized phase fraction
(Fig. 11) there are numerous open interfaces, at higher frac-
tions of recrystallized phase (Fig. 9) these have almost disap-
peared. In Fig. 9, i.e. at high f%, it is observed that there are



Fig. 11. Optical micrograph of HVC UHMWPE. Recrystallized phase
fraction fr ~ 5%. Thick arrows indicate open interfaces. Thin arrows
indicate recrystallized interfaces. Crosses indicate nascent particles.

large recrystallized zones, which is consistent with the thick
fibrils observed on fracture surfaces from fr ~ 50%.

To confirm conclusively the presence of two phases with
different crystallinities, and hence different moduli, local
mechanical properties from nanoindentation experiments
are presented. The local elastic moduli are displayed super-
imposed on the corresponding optical micrographs (Figs.
12 and 13). The elastic moduli obtained on melt-crystal-
lized material are presented with their mean value p and
their standard deviation o. It appears that HVC material
has local mechanical properties that are strongly heteroge-
neous with Young’s moduli varying from 4.6 to 9.9 GPa
for HVC POM and from 1.2 to 2.2 GPa for HVC
UHMWPE. High elastic modulus regions can be attributed
to nascent phase and low elastic modulus ones to melted—
recrystallized phase. As already evoked in the experimental
section, local elastic moduli from nanoindentation are usu-
ally higher than conventionally measured macroscopic
ones and cannot be compared. However, the ratio of ~2
between nascent and melt-crystallized elastic moduli esti-
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Fig. 12. Combined optical microscopy and nanoindentation of HVC
POM (plain line). u and o are the mean value and the standard deviation
of melt-crystallized sample local Young’s moduli (dotted lines). Crosses
indicate nascent particles. Short arrows Crosses indicate interfaces. Long
arrows indicate recrystallized phase at particle interfaces. Plain circle
indicates softer zone within nascent particle.
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Fig. 13. Combined optical microscopy and nanoindentation of HVC
UHMWPE (plain line). p and o are the mean value and the standard
deviation of the melt-crystallized sample local Young’s moduli (dotted
lines). Plain circles indicate softer zones within nascent particles.

mated in our previous work [8] from macroscopic mechan-
ical tests is found again here.

The combined analysis of optical micrographs and nan-
oindentation results shows that the recrystallized phase is
both located at particle interfaces (indicated by arrows in
Figs. 12 and 13) and also within nascent particles (indicated
by circles in Figs. 12 and 13). It is also noted that interme-
diate moduli have been measured (e.g. between 200 and
300 um for HVC UHMWPE). As shown by finite-element
analysis [15,16], the local moduli obtained by nanoindenta-
tion are influenced by a large zone around the indents,
which makes the interpretation of these intermediate mod-
uli difficult. They could be attributed to zones with effec-
tively intermediate moduli or originate in the presence of
recrystallized material close enough to the indent to influ-
ence the local elastic modulus value.

In the particular case of UHMWPE, nanoindentation
measurements are only partially consistent with the previ-
ous hypothesis that the nascent phase appears dark and
the recrystallized phase bright. This could result from:

e the influence of the indent environment in the three
directions (e.g. an indentation in a soft zone close to a
stiff zone would result in an overestimated modulus
[15,16));

e possible modulus heterogeneities inside the nascent
particles: even if nascent UHMWPE is globally more
crystalline, the presence of low-crystallinity zones can-
not be excluded. These zones would appear dark as
the optical contrast is not related to the crystallinity
but originates from the internal stresses of nascent
UHMWPE.

The experiments carried out in this first section show
that some, but not all, of the recrystallized phase is located
at particle interfaces. In particular, at high recrystallized
phase fractions, it appears that some particles have been
completely melted-recrystallized while others have been
kept at the nascent state and only exhibit surface melt-
ing-recrystallization. This leads us to conclude that melting



due to self-heating under HVC impacts would first take
place at interfaces but then would also occur within nascent
particles. Located at the interfaces, the melting/recrystalli-
zation of nascent polymer should strongly contribute to the
welding of the particles.

4. Discussion
4.1. Review of the different possible sintering mechanisms

In light of existing work on the subject, different sinter-
ing mechanisms are considered, before and after the local
melting.

Molecular interaction forces (Van der Waals) in amor-
phous phase are too low to provide strong cohesion, and
the strength of structural polymers originates in entangle-
ments and crystallites that link macromolecules together
[17]. Consequently, a good sintering can only be provided
by the creation of entanglements or crystallites that can
connect molecules from adjacent powder particles.

As UHMWPE and POM are highly crystalline poly-
mers, particularly at the nascent state, sintering by diffu-
sion and intertwining of amorphous chains is likely to be
impossible before melting of the crystallites. Indeed, highly
crystalline polymer powders offer very few opportunities
for particle sintering through amorphous—amorphous
interfaces of neighbour particles. In addition, some of the
amorphous phase is formed of chains also belonging to
one or more crystallites, thus with limited diffusion
possibilities.

However, crystallographic welding (either by epitaxial
coherence [18] or by lamellae doubling [19]), promoted by
high crystal mobility near the melting temperature and
high pressures, would be possible before local melting.
Chain diffusion within the crystal is suspected to play an
important role in crystal matching. Therefore, this kind
of sintering is assumed to be a very slow mechanism. It
could occur in the first stage of HVC, but we believe that
the processing time (~1 min) is too short to obtain a good
sintering by crystallographic welding. It is consistent with
the fact that it has not been possible to obtain efficient
welding (measurable mechanical properties) of the particles
without partial melting.

This analysis shows that significant sintering could not
occur during HVC without local melting and subsequent
recrystallization. Ward et al. have successfully welded poly-
mer fibers by significant local melting at the surface of the
fibers followed by recrystallization [20]. Similarly, in the
case of polymers processed by HVC, it is thought that nas-
cent particles are welded by a melting and recrystallization
that appears first at particle interfaces.

The melting point would be reached locally by self-heat-
ing under HVC impacts. During the first 10 impacts, self-
heating is probably caused by viscoelastic and viscoplastic
energy dissipation due to significant confined compressive
elastic and plastic deformation under the impacts. After
that, since the sample is fully dense, self-heating is only

caused by viscoelastic energy dissipation which is believed
to originate both from molecular motions (classical inter-
pretation of viscoelastic phenomena in polymers [10]) and
friction between non-welded particles. This last phenome-
non would cause localized self-heating at particle interfaces
and therefore could explain why melting first occurs there.

The amount of melted polymer increases with HVC
impacts as schematized in Fig. 14 and governs the micro-
structure of the final material. At low fz (~20%), the mate-
rial is fully dense and the particles are welded together by
the recrystallized phase. At higher f%, it has been observed
that the recrystallized phase can be located also within the
nascent particles. It is assumed that the recrystallized phase
will percolate at a certain fraction to form a continuous
matrix where small regions of nascent material would act
as reinforcing domains (Fig. 14).

When local melting within the interfaces occurs, two
principal mechanisms can be involved at the molecular
scale to provide welding between the particles: diffusion
of the chains across the interfaces and recrystallization of
these chains. Therefore, after recrystallization, there is a
high probability of finding chains coming from two adja-
cent powder particles in crystal lamellae located at the
interface. This mechanism (called co-crystallization) will
provide strong links between the particles. Several studies
on semicrystalline welding have shown that co-crystalliza-
tion significantly contributes to the strength of a welded
interface [21,22]. The formation of entanglements and co-
crystallites at the interface has been sketched in Fig. 15.

4.2. Sintering quality

It is now proposed to discuss the strength of the local
welds and then the resulting quality of the overall sintering.

4.2.1. Efficiency of the welding at the molecular scale

Chain diffusion implies large-scale molecular motions.
For equilibrated melts, these motions are well described
by the reptation theory [23,24]. Just after melting, an equil-
ibrated melt state is easily obtained for low-viscosity poly-
mer (e.g. POM), but not for high-viscosity polymers (e.g.
UHMWPE). Moreover the nascent structures [9,25] are
often disentangled as they are out of equilibrium; however.
the UHMWPE powder used here is believed to be partially
entangled [25,26]. Whatever the state of the melt polymer,
the main issue is the ability for the chains to diffuse across
the interface between powder particles to obtain a sintered
material. In a first approximation, to evaluate the diffusion
at the interface, the reptation model is used for both POM
and UHMWPE. The reptation time ¢, is given by the fol-
lowing equation [24]:

3

trep = T1 ?v% (3)
where N is the number of monomer units per chain, N, is
the number of monomer units between entanglements,
and t; is the microscopic time of monomer motion. This



HVC impacts = self-heating
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time is around 107! s just above the melting temperature
for PE and POM [23,27,28]. Using the reptation theory,
Wool et al. [29,30] have calculated the so-called average
interpenetration distance at a polymer—polymer interface
x in order to model polymer welding. They demonstrated
the following scaling law:

A0 =R, (i)m @)

trep

where R, is the radius of gyration given by [24]:

R, :bo,/cm% ()

where b, is the length bond and C, is the characteristic ra-
tio representing the flexibility of the chain. C,, ~ 6 for PE
and C,, ~ 7.5 for POM [31], using N = 1500 and N, = 67
for POM [7,32] and N=280 000 and N,=289 for
UHMWPE [8,32]. POM reptation time is approximately
0.01 s, while the UHMWPE reptation time is more than
20,000 s due to its very high N. It follows that interpenetra-
tion is considerably more difficult within UHMWPE than
within POM. The interpenetration distance y has been
plotted as a function of time in Fig. 16 for POM and
UHMWPE.

During HVC, particle interfaces would be maintained at
the melt state for approximately 60 s. It follows that this
time is largely sufficient to achieve complete erasure of
the interface for POM as y is much higher than R, (perfect
sintering criterion: y = R, Conversely, for UHMWPE, a
period of 60s only allows partial interpenetration. The
very long diffusion time of UHMWPE has been previously
underlined by Buckley et al. who demonstrated that diffu-
sion defects remain even after the 2 h sintering process time
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Fig. 16. Average interpenetration distance at the interface from reptation
theory.



generally used [33,34]. A complete erasure of the initial
interfaces would be achieved only for a polymer with a
short reptation time (i.e. an injectable grade). However, it
should be emphasized that several phenomena not taken
into account in the Wool interpenetration model could
accelerate chain diffusion for the HVC process. It is, for
instance, thought that the volume expansion during melt-
ing would promote chain diffusion across the interface.
Moreover, for the out-of-equilibrium nascent structure of
UHMWPE, chains can drastically increase their volume
just after melting to recover their equilibrium configuration
[35]. This phenomenon, called “chain-explosion”, should
favour interpenetration.

Considering only the interpenetration distance (proba-
bly greatly underestimated) obtained by the reptation
model, Fig. 16 shows that after 60 s an interpenetration dis-
tance of 20 nm is attained for UHMWPE, which would be
adequate to create strong links by co-crystallization during
cooling. It is thought that due to this co-crystallization,
large diffusion is not absolutely required to obtain strong
welding. Therefore, even if the complete erasure of the
interfaces is not reached within HVC UHMWPE, it is
believed that HVC provides strong welds between nascent
particles by co-crystallization.

4.2.2. Overall sintering quality

Material mechanical properties, in particular the frac-
ture strain, provide an insight into the overall sintering
quality. Fracture strains of UHMWPE from tensile tests
at 0.001 s~ obtained in previous work [8,16] have been
plotted as a function of fz in Fig. 17. For POM, results
from mechanical tests at 130 °C are reported. Testing at
high temperature avoids premature failure due to intrinsic
brittleness of POM nascent particles.

Significant ductility (i.e. 30% to more than 100% true
strain) is obtained on HVC samples with at least 50% of
recrystallized phase, while below fx ~ 30%, samples are
brittle (i.e. they exhibit less than 10% true strain). HVC
impact pressure (several hundred MPa [36]) leads to nearly
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Fig. 17. Fracture strain ¢ vs. recrystallized phase fraction fx from tensile
tests. Filled symbols indicate HVC UHMWPE tensile tests at 20 °C [8].
Open symbols indicate HVC POM tensile tests at 130 °C [16].

complete densification of the material [7,8]. However, as
seen in Figs. 10 and 12, some localized interparticle voids
are present at low fz. In addition, a close examination of
Fig. 7 shows that fibrils do not cover the whole particle sur-
faces, thus it is suspected that a significant part of the inter-
faces, even if in close contact, have not been melted—
recrystallized. It follows that a partial stress transmission
leads to an early breaking of the sample. These brittle sam-
ples exhibit higher strains during compressive testing [7],
which reinforce the idea that unwelded interfaces exist at
low f as the compressive stress state reduces the effects of
sintering defects. The brittleness at low fx is thus attributed
to the presence of numerous “unwelded” interfaces. As
schematized in Fig. 14, the increasing fraction of recrystal-
lized phase leads to more and more welded interfaces and
thus higher fracture strains. It follows that for a given poly-
mer, the overall sintering quality is governed by the fraction
of recrystallized material. It can be also assumed that the
strong increase in the fracture strain around fz = 50% can
be explained by the percolation of the recrystallized part.

5. Conclusion

Two nascent highly crystalline polymer powders have
been successfully processed by the new HVC technique
via sintering [7,8]. It is assumed that HVC impacts provoke
self-heating within the sample, initially at particle interfaces
due to friction between the particles. The melting tempera-
ture of the nascent polymer would thus be attained locally
in this zone. Within melted interfaces the sintering would
then occur by diffusion and intertwining of the chains
and by co-crystallization during cooling. This sintering sce-
nario could be universal for all semicrystalline polymers.

Considering the reptation theory, it has been shown that
HVC allows the complete diffusion of the chains for classi-
cal molecular weight polymers. On the contrary, ultra-high
molecular weight polymers such as UHMWPE would only
partially diffuse, but the interpenetration of the chains
would be sufficient to obtain co-crystallization and there-
fore a good welding of the melted interfaces.

The overall sintering quality seems to be governed by the
fraction of recrystallized material. At low fz, the melting
would not be achieved within all interfaces, thus leaving
unwelded particles. Therefore a limited fracture strain is
observed for these samples due to stress concentrations that
initiate fast cracking. A high f% is needed to obtain a signif-
icant ductility, which has been possible for UHMWPE but
not for POM, due to polymer flowing at ejection and ther-
mochemical degradation above fr ~ 20%.

These results are highly instructive in terms of extending
HVC to other polymers. (A promising study has shown
that PTFE can be processed by HVC [37].) It is worth not-
ing that it would be conceivable to extend HVC to amor-
phous polymers with a low reptation time, as complete
diffusion would be achieved at melted interfaces.

Regarding very high molecular weight polymers, due to
the low diffusion rate, chain diffusion defects remain within



the HVC material. However, a strong welding of the inter-
faces would be provided by co-crystallization and therefore
the use of semicrystalline polymers is likely to be essential
in this case.
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