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ABSTRACT: Conventional polymer processes, such as
injection and extrusion, require the melting of the polymer.
High-velocity compaction (HVC) allows the processing of
polymer powders via sintering without the need of a melt-
ing stage. It opens up a new horizon for polymers that
have processing issues linked to the melting stage. Because
of chemical degradation above the melting point and sig-
nificant shrinkage, the injection of semicrystalline polymer
polyoxymethylene (POM) is often problematic. Nascent,
highly crystalline POM powder has been successfully pro-
cessed by HVC, and this process appears to be an interest-
ing alternative to injection for certain applications. POM

processed by HVC has a remarkably high stiffness but is
brittle. A microstructural investigation, involving differen-
tial scanning calorimetry experiments and scanning elec-
tron microscopy, has been conducted to explain these un-
usual mechanical properties. It appears that in POM pro-
cessed by HVC, the stiffness is due to particularly high
crystallinity, and brittleness is intrinsic to nascent POM
powder. © 2007 Wiley Periodicals, Inc. ] Appl Polym Sci 106:
488-497, 2007
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INTRODUCTION

In the polymer industry, conventional processes
(principally injection and extrusion) involve polymer
melting. Consequently, these processes have several
drawbacks:'

+ Risks of polymer chemical degradation induced
by high temperatures.

« Significant shrinkage and cavity formation dur-
ing the crystallization of semicrystalline poly-
mers due to density differences between the
crystal and amorphous phases.

« Processing difficulties for viscous polymers.

« Significant energy cost to melt the polymer.

Furthermore, mechanical property improvements in
a material are limited by conventional process
requirements, such as a low viscosity and low den-
sity variations. Indeed, better properties can be
obtained by increases in the polymer molecular
weight or the addition of fillers. Unfortunately, this
increases the viscosity drastically and thus leads to

Correspondence to: O. Lame (olivier.lame@insa-lyon.fr).

Journal of Applied Polymer Science, Vol. 106, 488-497 (2007)
©2007 Wiley Periodicals, Inc.

ST @WILEY .

... InterScience’

DISCOVER SOMETHING GREAT

processing difficulties. A high crystallinity also leads
to improved mechanical properties but induces high
shrinkage and cavity formation during cooling.

Alternative processes inspired by powder metal-
lurgy” have been developed for high-viscosity poly-
mers: polytetrafluoroethylene cold compaction fol-
lowed by sintering®* and ultrahigh-molecular-weight
polyethylene compression molding™® are success-
fully used industrially. They offer satisfactory solu-
tions to viscosity problems, but applications are lim-
ited because the processing is long (several hours)
and expensive.

Polyoxymethylene (POM) is a semicrystalline ther-
moplastic polymer with valuable mechanical proper-
ties (Young’s modulus = 3 GPa, yield stress = 70
MPa’) and good tribological properties that make it
particularly suitable for industrial applications such
as gear wheels and pinions, fixture gears, and ski
bindings. However, POM injection is difficult and
requires specific expertise. Indeed, its high crystallin-
ity degree (60-90%) and density difference between
the crglstal (1.49 g/cm?) and amorphous phases (1.21
g/cm”) induce significant shrinkage and cavity for-
mation.® Consequently, its applications, especially
regarding part thickness that should generally not
exceed 10 mm,” are limited. POM is also strongly sen-
sitive to chemical degradation above its melting tem-
perature (~178°C). The degradation becomes signifi-
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cant (gas formaldehyde outburst) above 230°C for the
stabilized POM used in conventional processing.'’

In this study, we consider the production of POM
parts without significant melting to avoid the afore-
mentioned processing difficulties. The high-velocity
compaction (HVC) press developed at CETIM (Tech-
nical Center, St Etienne, France)'' allows the process-
ing of polymers below their melting temperature by
applying several high-energy impacts to a powder-
filled die to sinter the powder. The purpose of this
article is to compare the mechanical and physical prop-
erties of conventionally processed POM and high-
velocity-compaction polyoxymethylene (POM-HVC).
In addition, a sintering mechanism is proposed.

EXPERIMENTAL
Nascent POM powder

DuPont Delrin POM (Le Grand Saconnex, Switzer-
land) was used in this study. It is produced by solu-
tion polymerization, which leads to spherical nascent
particles 50200 pm in size. Crystallization occurs
simultaneously with polymerization, imparting to
this powder an exceptional crystallinity degree
(~90%) that is really higher than the crystallinity
degree of POM crystallized from the melt (~70%).
This nascent powder is generally stabilized and
extruded to form pellets for conventional processing.
We decided to work directly with the nascent pow-
der rather than grinding pellets. The nascent powder
exhibits two main advantages: its size is compatible
with sintering (50-200 um), and its crystallinity is
very high. On the other hand, the nascent powder is
not stabilized, and chemical degradation occurs once
it has melted.

The POM glass transition occurs near —70°C, and
its crystal relaxation (usually called the o, relaxation)
occurs between 100 and 120°C at 1 Hz. POM melts
at 178°C.71> 1

Delrin grade 500 with a number-average molecu-
lar weight of = 45,000 g/mol (number average) was
used in this study.

HVC process

The HVC process is carried out in three main steps
(Fig. 1): powder filling (step A), compaction impacts
(step B), and ejection (step C). Tools are heated at
the chosen process temperature. First, the die is
filled with a few dozen grams of the polymer pow-
der (step A). To have a homogeneous temperature,
the powder is heated for 20 min at the process tem-
perature before the powder filling.

After this first step, the upper punch is placed on
the powder, and a static precompaction is applied at
60 MPa. Then, the HVC hammer impacts the upper
punch several times at the frequency of one impact
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Figure 1 Three steps of HVC compaction.

per second (step B).!'! The HVC hammer kinetic
energy and the number of impacts are controlled.
Finally, the die descent provokes the sample ejection
(step C). The sample shape is a disc with a thickness
of a few millimeters and a diameter of 50 mm.

Choice of the parameters

The processing temperatures should be chosen
under the POM melting temperature to keep the
polymer in the solid state. However, the polymer
must be processed above its crystal mechanical
relaxation temperature (~100-120°C) to enhance
large crystal deformation and generate enough mo-
bility for sintering. As a result, three processing tem-
peratures were chosen between the crystal relaxation
and the melting point: 120, 130, and 140°C.

The impact energy was fixed at 1 k] (maximum
value limited for technological reasons). It was not
possible to increase this value. Five to one hundred
impacts were performed to obtain different total
compaction energies (HVC hammer impact energy
multiplied by the number of impacts). The number
of impacts was limited to 100 to keep a reasonable
processing time.

Actually, the total compaction energy does not
correspond to the energy really brought to the pow-
der. Indeed, there are viscoelastic rebounds, which
propagate in the tools and the press, dissipating a
significant part of the energy. The parameters chosen
for the HVC experiments are listed in Table I. The
HVC samples have been classified into three catego-
ries according to the total energy (low-, medium-,
and high-energy HVC).

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE 1
Processing Parameters
Temperature (°C) Total energy (k]) HVC

120 5 Low
120 10

130 5

140 4

140 8

120 30 Medium
130 20

130 30

130 30

130 40

140 20

140 50 High
140 50

140 100

Characterization methods

The following methods were used:

o The material crystallinity degree was measured
by differential scanning calorimetry (DSC).

» The density was measured to evaluate the
porosity.

» Dynamic mechanical analysis (DMA) was per-
formed to provide information both on the me-
chanical relaxations and on the mechanical prop-
erties at small strains.

» Mechanical characterization until rupture was
performed with bending and compressive tests.

« Low-voltage scanning electron microscopy
(LVSEM) was performed on bending test frac-
ture surfaces.

DSC

DSC characterizes polymer phase transformations,
particularly the melting of the crystalline part. Enthalpy
variations versus the time and temperature were ob-
tained from DSC during controlled heating.

A PerkinElmer DSC Pyris (Waltham, MA) was used
with a temperature ramp of 10°C/min from 100 to
200°C. A mass of 5 * 1 mg was chosen, and pre-
cautions were taken to ensure a stable sample specific
surface to keep a constant thermal transfer coefficient.

The melting temperature of the sample, its crystal
weight fraction (X.), and its crystal volume fraction
(®.) were obtained from DSC curves:

AHm
X, = 1
CDC = Xc- Pa (2)

Pe— XC'(pc - pa)

where AH,, is the sample melting enthalpy (corre-
sponding to the melting peak area), AH,, is the full
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crystalline sample melting enthalpy (250 J/g by
Wunderlich®), p, is the density of the crystal phase,
and p, is the density of the amorphous phase.

From the Gibbs-Thomson equation, the melting
temperature (T,,) can be related to the crystal lamel-
lar thickness (/) and surface energy (o):

2.0
_ 70 _ R,
Tw=T,,. <1 A mO-lC> 3)

where T), is the melting temperature of the infinite-
size crystal.'”

Density measurements

The densities were obtained by the weighing of the
POM-HVC samples and the determination of their
volume through the intermediary of Archimedes
force. This method led to a precision of 5 x 107°.

DMA

DMA provides the complex modulus versus the
temperature and allows the study of the mechanical
relaxations. Parallel-piped samples (30 mm x 3 mm
x 1 mm) were machined and then tested in a torsion
pendulum as a function of temperature. A frequency
of 1 Hz and a heating rate of 1°C/min were used.
The shear modulus and loss angle were computed
from the integration of the stress and strain functions.

Mechanical testing

Three-point-bending tests and compressive tests
were carried out. The bending test was preferred to
the tensile test for its simplicity and good accuracy
for the modulus measurement. In addition, compres-
sive tests were performed to allow better characteri-
zation of the plasticity behavior.

The three-point-bending-test samples were 3 mm
thick, 6 mm wide, and 30 mm long. The distance
between the two external contacts was 25 mm. The
strain rate was 5 x 107* s~'. The stress and strain
were calculated from force and deflection measure-
ments, in the small deformation hypothesis, accord-
ing to ASTM D 790.'

Compressive tests were carried out with 10-mm-
high parallel-piped samples (6 mm x 6 mm section).
The strain rate was 2 x 107> s~ .

LVSEM

The microstructure was observed by LVSEM on fail-
ure surfaces obtained after bending tests with an FEI
XL-30 ESEM FEG (Hillsboro, OR). The use of a low
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accelerating voltage (between 0.8 and 1.2 kV)
allowed the observation of nonconductive samples
without a metal coating, and thus the original sam-
ple surface characteristics were preserved.

RESULTS
Microstructure characterization (DSC)

DSC curves for nascent powder polyoxymethylene
(POM-N), compression-molded polyoxymethylene
(POM-CM), and POM-HVC are presented in Figure 2.

As the POM-HVC curves do not vary significantly
with the process parameters (energy and tempera-
ture), only one has been plotted. The X, values
deduced from the curves have been plotted in the
upper left corner of the graph.

The melting peak positions are close for the three
samples (ca. 178°C). The classical interpretation con-
cerning the lamellar thickness using the Gibbs-
Thomson equation [eq. (3)] is not relevant here
because the crystal surface energy and even melting
enthalpy could be different for POM-CM, POM-N,
and POM-HVC. However, the lamellar thickness
should be close for the three materials.

POM-N and POM-HVC exhibit a very high X.
value (close to 90%) in comparison with POM-CM
(66%). POM-HVC stays as crystalline as POM-N, con-
firming that the nascent powder has not undergone
significant melting during HVC. Conventional pro-
cesses such as compression molding, involving a melt-
ing stage, lead to a significantly lower crystallinity.

Density measurements

The density can vary with the crystallinity degree
and porosity, but DSC experiments have shown that
every sample processed by HVC has approximately
the same crystallinity degree. Then, the density is an
indicator of the pore presence.
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Figure 2 Crystallinity degrees from DSC experiments.
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Figure 3 Density of the HVC samples versus the total
energy.

The densities have been plotted versus the total
energy for two processing temperatures (Fig. 3).
From the graph, the density increases with the total
compaction energy until a limit is reached. This limit
is consistent with the theoretical value of 1.446,
which was calculated for a completely dense sample
with an X, value of 87%. Full densification of the
sample occurs only above 50 kJ, and below this
energy, there is remaining porosity.

It is worth noting that the process temperature has
no significant influence on the density evolution ver-
sus the total energy.

Small-strain mechanical characterization (DMA)

Low-HVC samples are not machinable (it seems that
the particles are not bonded together), whereas
medium- and high-HVC ones can be cut into small
strips for DMA experiments.

The shear modulus and loss angle obtained from
DMA experiments for both POM-HVC and POM-CM
have been plotted versus the temperature in Figure 4.

First, it is observed that above the glass-transition
temperature, POM-HVC is 50-100% stiffer than
POM-CM! To explain this result, it is necessary to
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Figure 4 Shear modulus (IGl) and loss angle (tan ¢)
from the DMA experiments.

Journal of Applied Polymer Science DOI 10.1002/app



492
4
-++- Voigt/Parallel coupling
Rl — Reuss/Series coupling
34 = POM-CM
25 - ¢ POM-high HVC e II|
o |
62 _ 24101 GPa |
Oy5- at 20°C /
&= s 1.320.1 GPa /
05 e
0 e ——e— :
0 0.2 0.4 0.6 0.8 1

Crystal volume fraction ®c
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recall that semicrystalline polymers can be seen as
nanocomposite materials composed of a crystal stiff
phase and an amorphous soft phase.'”” Above the
glass-transition temperature, the crystal phase is
10>-10* times stiffer than the amorphous phase.'”'®
Therefore, according to mixing rules, the crystallinity
governs the macroscopic stiffness of semicrystalline
polymers.

Classical Voigt (parallel) and Reuss (series) mixing
rules, representing the shear modulus upper and
lower bounds, allow a quantitative analysis to be
conducted. The corresponding equations are'”

GVoigt/Parallel = Gc.®@c + Ga.(1 — @) 4)
1
GReuss/Series = m (5)
Ga Ge

where Gc, G4, and ®c are the crystal-phase shear
modulus, amorphous-phase shear modulus, and
crystal volume fraction, respectively.

We have plotted in Figure 5 experimental values
of the shear modulus and theoretical lower and
upper bounds versus the crystal volume fraction.
The following values for the crystal and amorphous
shear modulus, estimated from a previous piece of
work,'? have been used: 3.5 and 0.1 GPa, respec-
tively. This graph shows that the high modulus of
POM-HVC is consistent with the crystallinity degree
measured by DSC.

Concerning the loss-angle curves, the relaxation
peak associated with the glass transition (ca. —70°C)
is less pronounced for HVC materials than for
molded ones. This transition peak amplitude is gen-
erally related to the amount of the amorphous
phase; thus, this observation is consistent with DSC
measurements.

Following a similar analysis, we notice that the
relaxation peak around 120°C, generally associated
with crystal defect mobility,'* is more pronounced

Journal of Applied Polymer Science DOI 10.1002/app
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for POM-HVC because of a more significant crystal-
linity degree and/or more crystal defects.

Mechanical characterization until rupture
(bending tests)

To study POM-HVC rupture behavior, bending tests
at 20°C have been conducted. Stress—strain curves
have been plotted in Figure 6 for POM-CM, medium-
energy high-velocity-compaction polyoxymethylene
(POM-medium HVC), and high-energy high-velocity-
compaction polyoxymethylene (POM-high HVC).

One can notice that the gain in the modulus
observed in DMA is confirmed. Young’s modulus of
POM-high HVC is about 5 GPa, whereas for POM-
CM, it is only 3 GPa.

However, brittle behavior is observed for POM-
HVC, with rupture occurring between 0.5 and 1%
deformation, whereas POM-CM is ductile. It is
obvious that brittleness is a shortcoming for POM-
HVC. Nevertheless, the elastic limit stress of POM-
high HVC (the maximum stress in the linear domain
is interpreted as an elastic limit) reaches that of
POM-CM (~40 MPa; see the tangent plot in Fig. 6).
To compare the fracture stress values, as the stress
calculation from ASTM D 790'° is not valid at large
strains, information from tensile tests can be used.
POM-CM fracture occurs above a 30% strain at
approximately 70 MPa (nominal stress) under a ten-
sile test,” whereas the POM-high HVC fracture stress
is about 50 MPa.

Influence of the process parameters on the
mechanical properties

As shown in Figures 4 and 6, the HVC process
parameters influence the final mechanical properties.
To study this influence, Young’s moduli obtained
from bending tests have been plotted versus the total
energy for the three HVC processing temperatures

GO - POM-CM

FOM-High HVC

Stress (MPa)
B
(=]

20 -
POM-Medium HVC

0 1 2
Strain (%)

Figure 6 Stress—strain curves from three-point-bending
tests at 20°C.
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Figure 7 Young’'s modulus from bending tests versus the
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(120, 130, and 140°C) in Figure 7. The POM-CM
value has been added for comparison. One can
notice that Young’s modulus increases with the total
energy until a maximum value. This modulus
increase is more pronounced for high processing
temperatures, and for a processing temperature of
140°C, the exceptional value of 5 GPa is reached. As
previously mentioned, this high stiffness is due to a
high degree of crystallinity. The weak sintering of
low- and medium-HVC samples, revealed by
remaining pores, leads to low Young’'s moduli.
Likewise, the values of the fracture stress have
been plotted versus the total energy for the three
processing temperatures (Fig. 8). The fracture stress
can be calculated from bending tests as POM-HVC
breaks at small strains. This is not the case for POM-
CM, and this is why the fracture stress of POM-CM
has been taken from the Polymer Handbook.” As for
Young’s modulus, the fracture stress increases with
the energy until 50 MPa for POM-high HVC.
Regarding the temperature influence, one can notice
that the mechanical improvement with the total
energy is more significant at a high processing tem-
perature. However, it has not been possible to fur-
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Figure 8 Fracture stress (op from bending tests versus
the process temperature and total energy.
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ther improve the fracture stress because polymer
degradation appears at a higher temperature.

To summarize, for high impact energy, POM-HVC
reaches a higher stiffness than POM-CM because of
the high crystallinity of the nascent powder. The
fracture stress rises with the impact energy and tem-
perature until 50 MPa, but it is still under the POM-
CM value, and for any HVC conditions, POM-HVC
is brittle.

In the next section, we attempt to understand the
brittleness and propose a sintering mechanism based
on LVSEM observations and compressive tests.

DISCUSSION
Is POM-HVC brittleness due to weak interfaces?

To determine the origin of the brittle behavior of
HVC materials, first some LVSEM was performed on
bending test fracture surfaces.

As observed in Figure 9, medium-energy HVC
samples exhibit an interparticle failure: fracture has
occurred by particle decohesion, likely because of
weak sintering. In Figure 10, at a higher magnifica-
tion, cavities of several micrometers (microporosity),
separated by fibrils, can be observed at the particle
interfaces. First of all, the presence of fibrils proves
that some links between particles have been created
during HVC. It is assumed that fibrils have been
formed by the stretching of local links. The first hypo-
thesis would be to propose that fibrils have been
formed during bending sample fracture, but addi-
tional LVSEM observations of the surface of nonde-
formed samples also show fibrils. Moreover, the
presence of interface microporosity is consistent with
density measurements (Fig. 3) showing that POM-
medium HVC has not reached full density. Actually,
it is assumed that fibrils originate in particle thermal

Figure 9 LVSEM fracture surface observation: interpar-
ticle failure of POM-medium HVC.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 10 LVSEM fracture surface observation: fibrils and
microporosity at particle interfaces of POM-medium HVC.

contraction during cooling. This hypothesis would
lead to interfaces around 1 um in size (thermal con-
traction coefficient: ~10*/K”), which is of the same
order of magnitude as interfaces observed in micro-
graphs. In addition, viscoelastic recovery after ejec-
tion could also cause particle contraction.

Consequently, brittleness originates in bad particle
bonding and resulting weak interfaces (fibrils and
microporosity).

On the contrary, high-energy HVC samples exhibit
a mainly transparticle failure, proving that for these
samples there are strong links between particles
(Fig. 11). Similarly to POM-medium HVC, POM-high
HVC has been observed at higher magnifications.
No microporosity is noticeable at particle interfaces
(Fig. 11). The absence of microporosity is confirmed
by density measurements (Fig. 3): the theoretical
nominal density has been reached. However, the
interface is still visible, forming a step between two
particles failed in a brittle manner, proving that it is
a weaker zone, probably with remaining interfacial
defects resulting from imperfect sintering.

The visual aspect of the material confirms those
observations. At low and medium HVC, the material
is opaque and white: persisting cavities between par-
ticles scatter light. This phenomenon is the same as
the often observed whitening of polymers during
cavitations due to plastic deformation. As cavities
scatter light, their sizes are expected to be of the
same order of magnitude as the wavelength of light
(400-700 nm),'® and this is consistent with LVSEM
pore observations (Fig. 10). On the contrary, POM-
high HVC has a more transparent aspect, similar to
the molded one, which reveals an absence of pores
able to scatter light.

In summary, even with good sintering proved by
the absence of microporosity at the particle interfaces
and transparticle failure, POM-HVC is brittle.

Journal of Applied Polymer Science DOI 10.1002/app
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Is the brittleness of POM-HVC intrinsic?

Concerning POM-high HVC, as it is obvious that
sintering is good, it is thought that brittleness cannot
originate entirely in possible minor interfacial
defects.

The sharp aspect of broken particles on a fracture
surface (Fig. 11) leads us to suspect that powder par-
ticles are brittle at room temperature.

To confirm this, nascent particles were crushed at
room temperature and then observed under LVSEM.
The micrograph (Fig. 12) reveals that the particles
are really brittle: one can see a significant crack with
a sharp broken surface. The same test was con-
ducted at 130°C, above the o, transition, to enhance
crystal deformation. At 130°C, the nascent POM par-
ticles are ductile: they exhibit high deformation with-
out breaking (Fig. 13).

As a result, it is interesting to distinguish the
intrinsic material brittleness from the extrinsic brit-
tleness due to imperfect particle bonding.

To understand the intrinsic brittleness, it is impor-
tant to keep in mind the mechanisms involved in the

Figure 11 LVSEM room-temperature fracture surface
observation: POM-high HVC.
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Figure 12 LVSEM observation: fractured nascent POM
particle crushed at room temperature.

plasticity of semicrystalline polymers. The generally
admitted model proposes that an amorphous phase
deforms first until the stress is sufficient to shear
and then fragment crystal lamellae.®® If the stress
required to shear plastically crystal lamellae cannot
be transmitted by molecular connections between
the crystallites (formed by the so-called tie mole-
cules?), fracture occurs by amorphous chain slip-
page or scission, and the material is brittle.**

It follows that the crystallites’” morphology and
crystallization conditions influence the mechanical
behavior of the polymer. Indeed, the yield stress
varies with the polymer crystal-phase microstructure
(lamellar thickness and crystal perfection), and a
high yield stress will not allow ductility develop-
ment before breaking.”** Polymer crystallization
conditions influence also the ductility through the
variation of the tie-molecule concentration: a small

Figure 13 LVSEM observation: highly deformed nascent
POM particle crushed at 130°C.
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number of tie molecules will not transmit enough
stress to shear and fragment lamellae and will lead
to a brittle material.”

DSC experiments (Fig. 2) have shown that the nas-
cent powder does not undergo significant melting
during HVC. Thus, the crystal-phase morphology
and tie-molecule concentration of the nascent pow-
der are mainly preserved after HVC. Unfortunately,
data are missing in the literature concerning nascent
POM morphology. Despite the lack of knowledge, it
is conceivable that nascent POM exhibits a more per-
fect crystal phase and/or thicker lamellae leading to
a higher yield stress in comparison with injected
POM. It is also conceivable to think that crystalliza-
tion during polymerization does not favor the forma-
tion of tie molecules.

To validate our assumptions on the origin of the
intrinsic brittleness, compressive tests were per-
formed. In the compressive stress state, the effect of
material flaws is less pronounced (compression
tends to close nascent cracks), and the fracture stress
is higher, favoring plasticity.

Compressive stress—strain curves at 20°C have
been plotted in Figure 14. One can see that POM-
HVC is still brittle, but with a very high fracture
stress. It is noted that the plasticity of POM-high
HVC initiates around 80 MPa, whereas that of POM-
CM initiates at 30 MPa: it is obvious that the yield
stress of POM-HVC is significantly higher than that
of POM-CM. It validates the previous analysis
assuming that POM-HVC is intrinsically brittle
because of a high yield stress originating in the par-
ticular nascent crystal structure.

Mechanical testing at 130°C was then performed:
at this temperature, the particles are ductile, and
thus the influence of the intrinsic brittleness due to
the nascent crystal structure is reduced.

Figure 15 shows the compressive stress—strain
curves at 130°C. High strains have been reached,
proving that the intrinsic brittleness has a significant

'~ POM-High HVC

_ POM-Medium HVC

8
R

True stress [MPa)
3
'

&

g

True strain (%)

Figure 14 Stress—strain curves from compressive tests at
20°C.
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Figure 15 Stress—strain curves from compressive tests at
130°C.

influence at 20°C. In addition, the high yield stress
of POM-high HVC is confirmed.

Bending tests carried out at 130°C (Fig. 16) re-
vealed that POM-HVC is still brittle, even if the frac-
ture strain is improved in comparison with room-
temperature testing. Yielding has not been reached as in
the 130°C compressive tests. This tensile/compressive
dissymmetry at 130°C can be explained mainly by
the presence of remaining interfacial defects, which
favor cracking in a tensile stress state.

The analysis concerning brittleness at 20°C can be
summarized as follows:

» Low-energy high-velocity-compaction polyoxy-
methylene (POM-low HVC) and POM-medium
HVC have brittle behavior because of poor particle
bonding and resulting weak interfaces formed of
fibrils and microcavities.

o Similar interface microporosity has not been
found on POM-high HVC. In addition, POM-
high HVC exhibits a transparticle failure at 20°C;
thus, the brittleness origin is not clear. On the

35
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POM-high HVC

_A_LA_ at 130°C

Stress (MPa)

-
@

POM-medium HVC

Strain (%)

Figure 16 Stress—strain curves from three-point-bending
tests at 130°C.
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one hand, there is strong evidence that the pow-
der is intrinsically brittle because of a high yield
stress induced by a particular crystal structure.
On the other hand, interfacial defects can remain,
as interfaces are still visible on fractographs and
the material is still brittle at 130°C.

In conclusion, it should be possible to improve the
fracture stress by better sintering, but it is believed
that even a well-sintered material with no weak
interfaces will stay brittle at room temperature
because of the intrinsic brittleness of the powder.

Sintering mechanism

Good mechanical properties and transparticle failure
prove that strong links between particles have been
created during high-energy HVC. Fibrils between
particles on POM-medium HVC (Fig. 10) are not
visible on POM-high HVC samples (Fig. 11). In this
last case, local links appear to be strong enough to
resist the stress imposed by viscoelastic and/or ther-
mal contraction of the particles. As a result, no fibril-
lation or cavity formation occurs during the HVC
process or subsequent cooling, and this proves a
strong link existence.

Some studies on welding® and hot compaction of
fibers®® have reported that local melting followed by
recrystallization can bond polymer interfaces. Fur-
thermore, a study on POM static hot compaction has
shown that partial melting is necessary to achieve
the welding of powder particles."

Regarding the HVC process, it is also assumed
that welding occurs via fusion/recrystallization.
More precisely, it is thought that self-heating in the
sample, caused by friction between the particles,
provokes melting of their surface and then their sub-
sequent welding by recrystallization during the cool-
ing (Fig. 17).

Molten POM

Particle B9 Re-crystallized POM

Interface

~170°C___ ~150°G ﬁ

Cooling down

HVC impacts = self heating

Figure 17 Schematic representation of the sintering mech-
anism.
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CONCLUSIONS

The new HVC process of a polymer powder, based
on several high-energy impacts, gives encouraging
results for POM. Compared with conventional poly-
mer processing, HVC presents several advantages.
First, it allows the production of parts with no sig-
nificant shrinkage or cavities, even with a large
thickness. Moreover, because of the preserved high
crystallinity of the nascent POM powder, POM-HVC
exhibits high stiffness.

On the other hand, the intrinsic brittleness of nas-
cent POM, due to a particular crystal morphology, is
likely to induce the brittleness of POM-HVC at room
temperature. However, POM-HVC is easily machina-
ble and completely elastic until its fracture around
50 MPa in the tensile stress state and around 110 MPa
in the compressive stress state.

Despite its brittleness, POM-HVC has a sufficiently
high fracture stress to be considered for certain
applications, such as parts loaded in compression
under the elastic limit. Shapes must also be simple
to avoid additional machining. Seals are a satisfac-
tory example of a possible application.

As material imperfections due to the HVC process
(extrinsic brittleness) are not the only cause of brit-
tleness at 20°C, we are optimistic regarding the
extension of the process to other materials for which
the nascent powder would be ductile. In particular,
it would be interesting to extend HVC to non-melt-
processable, high-molecular-weight polymers. Con-
cerning POM-HVC, the improvement of the ductility
will be attempted with more ductile POM powders.
Another option would be to improve the chemical
stability of nascent POM powder to be able to melt a
significant part of the powder during HVC; thus, the
fraction of the nascent crystalline structure likely
responsible for the brittleness would be reduced.
High-molecular-weight and semicrystalline polymers
involving processing difficulties (degradation and/or
cavity formation) should be easier to process with
the HVC process. The improvement of the mechani-
cal, tribological, and electrical properties may be
possible because of the addition of large quantities
of fillers allowed by HVC and the use of nascent,
highly crystalline polymer powders.
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