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ABSTRACT
A uniaxial High-Velocity Compaction (HVC) process for polymer powder using a cylindrical,
hardened steel die and a new technique with relaxation assist was tested with a focus on the
compactibility characteristics and surface morphology of the compacted materials using
various heights of relaxation assist device with different compacting profiles.
Relaxation assist device was presented as a new technique to reduce springback, pull-out
phenomenon and to improve the compaction process.
The basic phenomena associated with HVC are explained and the general energy principle is
introduced to explain pull-out phenomenon during the decompacting stage.
In this study, polyamide-11 powders with different particle size distributions have been
compacted with the application of different compaction profiles, e.g. different energies and
velocities. It was found that the relative green density is influenced more by the precompacting (primary compaction step) than by the post-compacting (secondary compaction
step).
Experimental results for different compaction profiles were presented showing the effect of
varying the opposite velocity during the decompacting stage and how to improve the
homogeneous densification between the upper and lower surface and the evenness of the
upper surface of the compacted powder bed by using relaxation assists, and the influences of
the relaxation assist device on the process characteristics. It was found that the relaxation
assist improves the compaction of the polymer powder by locking the powder bed in the
compacted form. In addition, the relative times of the compacting stage, decompacting stage
and the reorganisation of the particles can be controlled by altering the height of the relaxation
assist. It was found that the high-velocity compaction process is an interruption process and
that the delay times between the pressure waves can be reduced by increasing the height of the
relaxation assist device. Furthermore, the first gross instantaneous springback and the total
elastic springback are reduced.
Two bonding strain gauges and a high-speed video camera system were used to investigate
the springback phenomenon during the compaction process. Scanning electron microscopy
(SEM) and image computer board Camera (IC-PCI Imaging Technology) were used to the
study the morphological characteristics, the limit of plastic deformation and particle bonding
by plastic flow at contact points, and pull-out phenomena.
Keywords: high-velocity compaction; powder polymers; polyamide-11; relaxation assist;
compactibility; relative green density; morphology; pull-out; springback.

DEFINITIONS

High velocity compaction:

A high velocity compaction (HVC) of powder materials is
a dynamic process carried out with one or several strokes
and the velocity from about 1 m/s to up to 100 m/s.

Pre- compaction step:

This step is the primary step of the compaction process
which is carried out in order to drive out the air in the
compacted powder bed and obtain a further densification
of the powder.

Post- compaction step:

This step is the secondary step of the compaction process
which is carried out in order to increase densification and
particle-to-particle bonding and possibly obtain
interlocking of particles.

Compacting stage:

This stage is defined as the stage when material is
compressed and the density of the material increases to a
maximum value. The time to reach the maximum pressure
defines the compacting time.

Decompacting stage:

After the maximum pressure has been reached and the
piston starts to withdraw the decompacting stage starts.
The compressive stresses relax and the material expands
due to the elastic energy stored in the material. The time
to return from the maximum to the minimum pressure
defines the decompacting time.

Total Work of Compaction:

Total energy transferred to the powder by the piston
defines the total work of compaction (TWC).

Relaxation assists:

Are defined as parts of the piston and regarded as
projectile supports. The pieces are constructed from
the same material as the piston and the diameters are
the same, but the lengths are different.

Relative green density:

Is a ratio of the apparent density of the compacted
powder to the theoretical density of the powder.

LIST OF SYMBOLS

A

Surface area of particle (m2)

d

The diameter of the compacted powder bed (m)

D

Relative green density

deq

Equivalent particle diameter (m)

Ek

Kinetic energy (J)

F

Hydraulic force (N)

h

The height of the compacted powder bed (m)

h/d

Geometrical factor

M

Mass (Kg)

n

Number of particles

s

Distance (m)

Tg

Glass transition temperature (oC)

V

Velocity (m/s)

VB

Opposite velocity (m/s)

τ

Delay time (s)
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Introduction

1 INTRODUCTION
Powder compacting technology is used in the processing of a wide range of materials such as
metals, ceramics, and polymers. This technique is effective for the processing of high melting
temperature and high technology polymers such as polyetheretherketone (PEEK),
polytetrafluoroethylene (PTFE), and polyamides (PA) [1-3]. The technique is especially
suitable for high molecular weight polymers, such as ultra high molecular weight
polyethylene (UHMWPE) [4, 5] and their blends [6, 7], for which conventional processing
methods cannot be used because of their high melt viscosity.
Many techniques can be used for processing powders at room temperature or elevated
temperature. The most important are static pressing, dynamic pressing, hot and cold isostatic
pressing (H & CIP), and the powder metallurgy technique (P/M). The most common method
involves pressing the polymeric powder under single-ended pressing in a rigid metal die [1, 8].
The other techniques are suitable for processing polymers, polymer/polymer, and
polymer/metal composites like high-velocity compaction. This technique appears to offer
many interesting possibilities for conventional materials in specialized applications were
conventional methods cannot be used. For example, since the technique does not require the
polymer to flow on a macroscopic scale, heating is not needed as in a conventional melt flow
process. This eliminates the need for thermal stabilizers, lubricating agents and other process
aids, and the low process temperatures reduce the degradation risk and improve the potential
for scrap recovery. The high-velocity technique is more energy-efficient and permits faster
cycle times than conventional processing, since the relatively slow heating and cooling stages
are eliminated from the cycle [6]. However, each technique has its advantages and
disadvantages. Common problems are a low green density and an inhomogeneous density
distribution in the compacted powder bed (compacted material). During the cold forming of
plastics, the most important parameter is pressure. The disadvantage of the technique is the
loss of pressure at the bottom of the die as result of friction between the plastic powder
particles and the container wall [7]. In addition to the pressure loss effect, there are four main
phenomena that can affect the high-velocity compaction process negatively: pull-out,
springback, delamination and capping, all of which are due to a breakdown in the product
during and/or after the decompacting stage. In the pull-out phenomenon, the top surface of the
product becomes uneven, while in springback the dimensions of the product change. In
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capping, the top or cap of the product breaks off, and in the case of delamination the sample
splits into a number of layers. These problems can be due to an initially non-uniform
distribution of the powder within the die or to an excessive compaction speed.
Earlier investigations have revealed that friction between the powder particles and the die wall
is the major factor leading to structural variations within the compacted materials. Other
investigations have revealed that the pressure transmission through the powder is important
for the success and efficiency of the process. Crawford [9] has reviewed the different aspects
of solid-state compaction of polymeric powders, and has discussed the effects of the various
process parameters such as compaction pressure, compaction rate, and dwell time.
Crawford and Sprevak [10] have studied the cold compaction of polymeric powders and have
found that, with a cylindrical die and the geometrical factor h/d = 2, where h is the height and
d is the diameter of the compacted powder bed, and using single-ended compaction, the
pressure loss at the bottom of the die was 91% of the applied pressure at the top. They tried to
reduce the pressure loss by using a tapered die to reduce the cross-sectional area, but the
reduction was not as large as expected.
The influence of various parameters such as the velocity of the cylindrical rod, the rod
diameter and length, the granular particle size and the compaction pressure (by studying drag
and compression force) in granular materials under high pressure was investigated by Zhou et
al. [11], and they reported that the pressure loss at the bottom of the cylinder when h/d = 1.18
was about 61% of the applied pressure.
In investigations of the dynamic compaction of biomaterial powders, Trécant-Viana et al. [12]
showed that peripheral cracks, uneven surfaces and inhomogeneous densification are
characteristic of this technique, regardless of which static primary compaction (precompacting) step is used before the dynamic secondary compaction (post-compacting) step.
Canta and Frunza [13] studied the powder metallurgy technique during cold die compaction
by using the container movement, and they reported that the effect of their new proposed
technique (compaction by using container movement) on the density was similar to that of
bilateral pressing.
During the decompacting stage or an ejection of an object from a die, some degree of residual
stress appears in the form of springback. Limit responses are related to cracking,
delamination, and capping. Dimensional tolerance problems caused by large-scale, timedependent springback limit the size of the compacted objects [14].
Several studies on springback and the dimensional changes in a compacted product, such as
the effect of particle size, wall friction, glass transition temperature, and elastic recovery have
been reported [15-20]. It is widely known that compacts which have been compacted by high
pressure, cold compaction, and high-velocity compaction are non-uniform and contain both
density and stress gradients [2, 6, 12, 21]. Most investigations have assumed that the
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compacted materials have a uniform density and a dimensional homogeneity in the die and
they have focused only on the gross axial changes after the compacting process [22].

1.1

PURPOSE OF THE STUDY

The powder processing technology and conventional powder metallurgical processing
consisting of cold (room temperature) and high-pressure compaction, which is very well
established for metals and ceramics, has been extended to certain specialty polymers that are
difficult to melt [1, 5, 7, 13, 23, 24]. The disadvantages of the technique are the loss of
pressure at the bottom of the die as result of friction between the plastic powder particles and
the container wall, pull-out and springback.
The fundamental mechanisms that control polymer compaction are not well understood,
therefore this study has been performed to clarify the effects of the compacting conditions on
the properties of the compacted products. The effects of compaction pressure, energy and
velocity on compaction characteristics have been studied and efforts have been made to
improve the compaction process.

1.2

THEORETICAL BACKGROUND

In general, when a particulate material is placed in a rigid die at room temperature and is
subject to pressure, there are a number of distinct stages in the process as the material is
transformed from a loosely packed powder to a closely packed (possibly solid) material.
When the powder is first poured into the die, its density is defined as the bulk density of the
powder. This bulk density is a function of particle size and shape and it appears to have no
influence on material’s compactability [9, 25]. When the compaction piston moves down onto
the powder, the particles are reorganised in three stages: particle rearrangement, elastic and
plastic deformation at contact points.
In the particle rearrangement stage, the particles, which have been held up lightly by friction
and bridges within the powder, move to lower positions at a low pressure until further piston
movement is not possible without particle deformation. At this point, the density of the
powder is referred to as the tap density [26]. During the next stage, sliding between particles
and elastic compression at the contact points leads to a further densification of the powder.
Under low stresses, the solid behaves essentially as an elastic body, i.e. it reverts to its
original state on removal of the stress [27]. During the final stage, the downward movement
of the compaction piston continues, the pressure increases and finally the material around the
contact points is subject to plastic deformation and flows as shown in Fig.1. In the extreme
case of a fully plastic response, there is no recovery of the original shape. At this point, the
density of the material is referred to as the green density.
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15 kV

X 350

50 µm

Fig. 1. Plastic deformations at contact points between particles on the bottom surface of
compacted PA11 (20-30 µm) by pre-compaction at 60 J/g and post-compaction at 300 J/g.
An early transition from elastic to plastic deformation is found in powders where the particle
shape is irregular, since high stresses are created on small regions of contact between
particles, and this means that the elastic limit is overcome under a relatively low compaction
pressure [28].
Deformation processes that occur in the powder material under dynamic loading differ
significantly from those that occur under static loading [4, 5, 23, 29, 30]. When the material is
subjected to a dynamic load, the portion of the body that is exposed at the point of impact is
stressed instantaneously while other portions may not yet have experienced the effect of the
imposed impact, since the effect requires time to propagate through the body (Fig. 2. captionb). This propagation occurs with a velocity which depends on the state and characteristics of
the material. A high strain rate (compaction speed) is usually achieved by accelerating the
impacting projectile via a hydraulic pump, a light gas gun or an explosive generator. In this
investigation, a hydraulic power system was used to drive a piston [31]. The various parts of
the compaction equipment are illustrated in Fig. 3.
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Fig. 2. Pressure waveforms recorded by two strain gages (upper and lower-strain gauge)
(a) First reflecting waveform, compacting and decompacting stage, (b) Time-delay between
upper strain gage and lower strain gage. (c) The delay time τ between the pressure waves.
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Fig. 3. Diagram of the compaction testing cell equipment.
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1.2.1

The general energy principle

In engineering mechanics, the general energy principle may be stated as: the work done on a
system is equal to the sum of the changes in kinetic energy and potential energy and the
losses. The kinetic and potential energies are stored within the system and are recoverable. All
other energy forms, such as friction, are considered to be losses. When friction is present, the
work done depends on the path taken. Further experience of the physics of the problem
suggests that other measurable changes may be taking place [32, 33]. In the first place, a local
vibration and a change in temperature are expected. It is possible that a change such as
melting of the material may take place. In mechanics, these latter changes generally represent
a loss to the system, but such 'losses' may be regarded as 'gains' in the potential energy in the
material [34, 35].
In addition to the bulk material properties of the powder, each powder particle is defined by
its particle mass and velocity. The compaction process is defined by four additional systemstate parameters: the kinetic energy Ek, the hydraulic force F, the mass M, and the velocity of
the stroke V, and the opposite velocity during the decompacting stage (Fig. 2. caption-a),
boundary velocity VB.
B

The total energy transferred by the piston, the Total Work of Compaction (TWC), and
absorbed by the material powders may reflect the particle behaviour, e.g. the elasticity,
viscoelastic flow, brittle fracture and breaking of bonds in the material [36-38]. This can be
calculated directly as:

TWC =

∫

sMAX
0

Fds,

(1)

where F is the hydraulic force on the piston and s the distance between the bottom surface of
the hammer and the top surface of the piston.
The TWC is equal to the change in kinetic energy:

∫

s MAX
0

Fds=

MV 2
,
2

(2)

where V is the velocity of the stroke at s = sMAX. This kinetic energy is transferred to the
compacted powder bed during the compaction stage [39].
At a low strain rate (low velocity compaction), the particles follow the common cyclic limit
conditions in the horizontal plane (x and y-directions). Under these conditions, there is more
opportunity for the particles to move, rotate and slide past each other [20].
At a high strain rate (high-velocity compaction), the motion in the z-direction is more
energetic. Under this condition, there is less opportunity for the particles to move, rotate and
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slide past each other. The bottom wall reflects the particles, the powder bed, to begin the
decompacting stage with the inverse velocity, the boundary velocity VB. The piston ultimately
returns toward its original position and the particles, the powder bed, follow it. The movable
top wall of the mould takes over in this case. However the top wall of the mould moves faster
than the compacted powder bed, due to the elastic response of the compacted material. A
large elastic response and non-homogeneous particle velocities can, furthermore, lead to
delamination, capping, and pull-out problems.
B
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2 EXPERIMENTAL
2.1

MATERIALS

Polyamide-11 powders (Rilsan® Polyamide-11, ARKEMA A/S) were used as received. The
powders had been sieved prior to delivery to produce grades with different particle sizes. The
particle size distribution of each powder was measured by manual counting of particles
imaged on micrographs. The areas of approximately 500 particles were measured using
imageJ 1.33u (National Institutes of Health, NIH, USA). The measurements were processed
and the equivalent particle diameter deq i for particle i was calculated according to

d eq i =

4 Ai

π

,

(3)

and the arithmetic mean particle diameter according to

d=

1 n
∑ d eq i ,
n i=1

(4)

where n is the total number of the particles and Ai is surface area of particle i. The mean
diameter of the particles is assumed to represent the average particle size of each sieved
fraction. The mean particle size groups were (20-30, 40-45, 75-85 and 104-114 µm) and the
mean particle sizes were 22, 42, 82 and 110 µm, as shown in Fig 4.

2.2

EXPERIMENTAL PROCEDURE

The powders were compacted uniaxially in a 25 mm diameter cylindrical die using a
Hydropulsor powder compacting machine (Hydropulsor AB, Sweden). The dynamic
compaction system fired a 25 mm diameter and 80 mm long projectile (piston) with projectile
supports (relaxation assists devices) to the unlubricated die.
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2.2.1

Relaxation assist device

In this study, two new components are introduced as a relaxation assist device to improve the
compaction process as shown in Fig. 5. The relaxation assists are parts of the piston and they
are regarded as projectile supports. They are constructed of the same material as the piston,
and the diameters are the same but the lengths are different. The relaxation assists used had
lengths equal to 12, 37 and 60% of the length of the piston. The function of the relaxation
assist device is to lock the powder bed in the compacted form during the compaction process.
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Fig. 4. Particle size distributions and equivalent diameter for polyamide-11 aspects by
scanning electron microscopy (SEM).

Upper relaxation assist

Lower relaxation assist

Fig. 5. Diagram of the relaxation assist devices.
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2.2.2

Compacting profiles

Compaction profiling was carried out on a HYP35-4 testing machine equipped with two
voltage amplifiers to amplify the output voltage from the load cells. The compaction cycle
used to drive the compaction process is a one-ended compression (one piston moving) process
operating over a range of velocities. Projectile velocities were measured and energies were
calculated using equation (2). The pressures during the compaction process were measured by
two strain gauges positioned on the piston and on the plug (Load Indicator AB, Sweden) [40].
Samples were prepared using four different compacting profiles in order to study of the
compression characterizations:
1. Samples were compacted via a single stroke, one downward post-compacting. This
compacting profile is referred to as Ppost-down.
2. Samples were compacted via a single downward pre-compacting stroke followed by one
constant downward post-compacting stroke. This compacting profile is referred to as Ppre +
Ppost-down.
3. Samples were compacted via a single downward pre-compacting stroke followed by one
constant downward primary post-compacting stroke followed by one constant secondary
upward post-compacting stroke. This compacting profile is referred to as Ppre + Ppost-down +
Ppost-up.
4. Samples were compacted via a single downward pre-compacting stroke followed by one
constant upward primary post-compacting stroke followed by one constant secondary
downward post-compacting stroke. This compacting profile is referred to as Ppre + Ppost-up +
Ppost-down.
The average strain rate in each case was calculated by dividing the compaction velocity by the
initial height of the powder bed and the compacting energy (energy per mass) in each case
was calculated by dividing the total energy transferred via the piston by the weight of the
powder bed. The velocity and kinetic energy of the stroke against the distance between the
bottom surface of the hammer and the top piston are shown in Fig. 6.
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Fig. 6. The velocity and kinetic energy of the stroke plotted against the distance between the
bottom surface of the hammer and the top piston.

2.3
2.3.1

ANALYTICAL TECHNIQUES AND EQUIPMENTS
Density analysis

The relative green density D calculated as the ratio of the apparent density of the compacted
polyamide-11 to the theoretical density of polyamide-11 [41] was used as a measure of the
degree of compression [2].
The apparent density was calculated by applying the Archimedes principle using n-hexane as
the liquid medium, according to
Apparent density =

Mass in air
× Density of n - hexane ,
Mass in air - Mass in n - hexane

(5)

the density of n-hexane being taken as 0.66 g cm−3.
A Mettler Toledo AE100 balance and a Mettler density determination kit 33360 were used for
the measurements.
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2.3.2

Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) was used to study the morphological characteristics,
particle size distribution, the limit of plastic deformation and particle bonding by plastic flow
at contact points. The instrument used was a Jeol JSM-35CF from Jeol, Japan.
SEM is a frequently used technique in materials science research. Its strength lies in the
combination of imaging with high resolution and a large depth of focus together with the
possibility of obtaining chemical and physical information.

2.3.3

High-speed video camera

A FASTCAM-ultima APX High-Speed Video Camera System with an electronic shuttering
system up to 120,000 frames per second (fps) and PFV (Photron FASTCAM Viewer,
Photron Inc., USA) were used to study the relationship between the springback and movement
of the piston during the compaction process.
The relative dimensional changes were calculated by relating the position of piston at each
pressure wave, which is related to the thickness of the powder bed including the elastic
deformations of the piston parts, to the first pressure wave during the compaction.
Compaction of a sequence of pressure waves reveals the springback gradient in the die. The
reorganization times were calculated by measuring the time from the first contact between the
hammer and the piston to the first rise of pressure recorded by the top strain gauge. This time
is governed by the ability of the particles to move, rotate and slide past each other before
permanent deformation occurs. The time to reach the maximum pressure defines the
compacting stage and the time to return to the minimum pressure defines the decompacting
stage. The relative times for the compacting stage, the decompacting stage and reorganisation
of the particles were calculated as fractions of the total time of the pressure wave. The time
for no pressure between two consecutive waves defines the delay time τ, as shown in Fig. 2
caption-c.
For each experiment, ten independent samples prepared under the same conditions were
tested. All the powders were initially dry-mixed for ten minutes at room temperature in order
to obtain a homogeneous particle size distribution before compaction.
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3 RESULTS AND DISCUSSION
3.1
3.1.1

COMPACTIBILITY CHARACTERISTICS
The effect of pre-compacting

The effect of the pre-compacting stroke on the relative green density is shown in Fig. 7.
Compacting by a single stroke, Ppost-down, of polyamide-11 is insufficient to achieve an
adequate density at energy level less than 100 J/g, as shown in Fig. 7(a). One stroke occurs
under a relatively short time, and this is not sufficient to reorganize and deform the particles
both elastically and plastically. Since powders have different initial densities, they have
different initial adequate densities [1].
Compacting with different pre-compacting energies followed by a constant post-compacting
energy (300 J/g), Ppre + Ppost-down leads to a higher density than the single stroke, Ppost-down
profile. This is attributed to an increasing densification and particle-to-particle bonding and
possibly to an interlocking of particles with increasing pre-compacting energy. To raise the
pre-compacting energy, with constant mass of the stroke, is not always an advantage and the
density sometimes develops unpredictably as shown in Fig. 7(b). As the pre-compaction
energy increases the compacting time decreases, and the particles-particularly the coarse
particles- have less time to move and slide past each other. As a result, the porosity between
powder particles increases and finally the apparent density decreases.
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Fig. 7.
The relative green density plotted against compaction energy of a two-gram
Compacted PA11 (different particle size distributions) by: (a) One downward postcompacting, Ppost-down profile, (b) A single downward pre-compacting stroke followed by one
constant downward post-compacting (300 J/g), Ppre + Ppost-down profile.

3.1.2

The effect of post-compacting

The distributions of force within the powder mass and the pressure loss during compaction
have a major influence on the density distribution and on the quality of the compacted
material.
In this investigation attempts were made to compensate for the pressure loss by changing the
post-compacting quantity and direction using different compacting profiles such as Ppre +
Ppost-down + Ppost-up and Ppre + Ppost-up + Ppost-down, without changing either the geometrical die
design or the geometrical factor.
The effect of post-compacting quantity and direction on the relative green density is shown in
Fig. 8. The Ppre + Ppost-down + Ppost-up compacting profile leads to a higher relative green
density, as shown in Fig. 8(a). The maximum relative green density increase achieved by this
compacting profile was 17.5 % higher than that achieved when compacting by a single stroke,
Ppost-down profile, and 0.63% higher than when compacting by a Ppre + Ppost-down profile. The
results achieved with a Ppre + Ppost-up+ Ppost-down compacting profile are shown in Fig. 8(b). The
maximum relative green density increase achieved with this profile was 17.6 % higher than
that achieved by a single stroke, Ppost-down compacting profile and 0.66 % higher than that
achieved by a Ppre + Ppost-down + Ppost-up compacting profile.
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Fig. 8.
The relative green density plotted against compaction energy of two-gram
Compacted PA11 (different particle size distributions) by: (a) A single downward precompacting stroke followed by one constant downward primary post-compacting stroke (300
J/g) followed by one constant secondary upward post-compacting stroke (300 J/g). Ppre +
Ppost-down + Ppost-up profile, (b) A single downward pre-compacting stroke followed by one
constant upward primary post-compacting stroke (300 J/g) followed by one constant
secondary downward post-compacting stroke (300 J/g). Ppre + Ppost-up + Ppost-down profile.

The difference in total relative green density achieved by pre-compacting followed by a single
post-compacting and by pre-compacting followed by double post-compacting was very small,
regardless of the post-compacting profile used.
Changing the pressure direction leads to evenness, homogeneity, and densification on the
surfaces as well as the density distribution in the compacted powder bed. The pressure and
density distribution between the upper and lower surface were more uniform when using the
Ppre + Ppost-up+ Ppost-down profile than when using the Ppre + Ppost-down + Ppost-up profile.
The relative green density was influenced more by the pre-compacting effect than by the postcompacting quantity and direction. The surface morphology, density distribution and the
quality of the surfaces of compacted powder beds were influenced to a greater extent by the
post-compacting direction. The maximum relative green density was achieved by all the
compacting profiles when the pre-compacting energy was ca.100 J/g. This reflects the fact
that the particle behavior is independent of particle size and the geometrical h/d factor.
The pressure loss for a geometrical factor of h/d = 1.12 at the bottom of the die during the
secondary post-compacting was 35.3% of the applied pressure at the top with the Ppost-down +
Ppost-up profile and 21.5% with the Ppost-up+ Ppost-down profile.
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3.2
3.2.1

RELAXATION ASSISTS ADVICES
Pull-out phenomenon

The degree of plastic deformation and particle bonding by plastic flow at the contact points
depends on the amount of energy that can be absorbed by the powder particles. In the highvelocity compaction process, kinetic energy is proportional to the applied pressure.
It is possible to increase the kinetic energy by increasing the hydraulic force or by increasing
the distance between the hammer and the top surface of the piston. It is difficult to increase
the hydraulic force without changing the design and/or initial parameters of the machine. The
disadvantage of the increasing the distance between the hammer and the top surface of the
piston is that it leads to an increase in the compaction velocity at constant hydraulic force and
hammer mass. As the piston velocity increases; the ability of the particles to move, rotate and
slide past each other decreases as a result of the shorter time available for this process [24].
Nevertheless, the energy absorption by the particles which have more contact points per
surface area, i.e. small particles, is greater than that by the larger particles. This increase in the
energy absorption at contact points results in plastic deformations and plastic flow although
the effective dwell time is reduced.
An early transfer from elastic to plastic deformation and plastic flow occurs in powders where
the particle shape is irregular, because high stresses develop on small contact areas between
particles. This early transfer cases the elastic limit to be overcome at a relatively low
compaction pressure, generally in the upper part of the powder bed. These particles form
contorted and deformed particle layers in the compacted powder bed.
When the piston moves down, the top wall of the compacted powder bed also moves down
(compacting stage) to a point of maximum compaction, and this is followed by the inverse
movement which begins the decompaction stage. The piston ultimately returns toward the
original position and the compacted powder bed follows it. During faster compaction, the
withdrawal time of the piston is shorter than the natural relaxation time of the compacted
material and the piston moves back faster than the compacted material.
Different post-compacting profiles, i.e. different energy distributions between the upper and
lower parts of the compacted powder bed, lead to different movements of the particles and the
particle layers. The use of relaxation assists reduce the difference between these velocities in
the powder bed and gives the compacted powder bed a more homogeneous opposite velocity
during the decompacting stage and probably more time to slow down the stress relaxation.
Particles which have inadequate contact points with other particles will be less obstructed.
They can withdraw more freely than the deformed particle layers and start the pull-out
phenomenon. In addition, the deformed particle layers withdraw more rapidly than the other
parts of the compacted powder bed and start the capping phenomenon. The effect of
compacting with different energies and different velocities on the morphology of the top
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surface of the compacted material, without relaxation assists and with relaxation assists is
shown in Fig. 9 and Fig. 10 respectively.

(a)

(b)

Fig. 9. The top surface of compacted PA11 (20-30 µm) without relaxation assists by: (a) Low
energy, 180 J/g and velocity 4,83 m/s, (b) Higher energy, 300 J/g and velocity 6,23 m/s.

(b)

(a)

Fig. 10. The top surface of compacted PA11 (20-30 µm) with relaxation assists by: (a) Low
energy, 180 J/g and velocity 4,83 m/s, (b) Higher energy, 300 J/g and velocity 6,23 m/s.
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3.2.2

Springback gradient

During the compaction process, the polymer powder undergoes a high compressive strain
which ultimately leads to consolidation and densification of the material. The process can be
divided into two stages, compacting and decompacting stages. In the compacting stage, the
material is compressed and the density of the material increases to a maximum value. After
the maximum pressure has been reached and the piston starts to withdraw (the decompacting
stage), the compressive stresses relax and the material expands due to the elastic energy stored
in the material. During this springback stage, the density decreases. Most of the springback
phenomenon occurs during the decompaction stage, within the die, rather than after ejection
[42].
A typical example is shown in Fig 11. This figure shows the pressure wave forms, the motion
of the hammer and of the piston when compacting PA11 (mean particle sizes ≈ 22 µm) with
the geometrical factor h/d = 0.18 and strain rate 1.15×103 s−1 without relaxation assists.
During the decompacting stage, the hammer returns to its original position and the piston
follows it, as a result of the release of elastic energy stored in the powder bed. The new
position of the piston is higher than the initial position before the stroke with the same gap to
bottom surface of the hammer as shown in Fig. 11 regions a and b. Immediately after the first
pressure wave, the compaction process is interrupted and there is a delay between the
successive pressures wave. In this case, the delay time between the first peak and the second
peak was 12.2 ms. During the first delay, the compacted volume was maximally 195%, Fig.
11 region a, of the initial volume of the powder bed before compaction. In this volume, during
the delay time, the polymer powders are less restricted and dimensional changes occur which
depend on the characteristics of the powder material and their kinetic energies. The hammer
withdraws faster than the piston, and the piston moves back faster than the compacted powder
bed due to the longer natural relaxation time of the compacted material. During each delay
period, there is a springback, until the end of the pressure wave. The first instantaneous
springback is difficult to repair during the following pressure waves because the pressure
decreases from peak to peak until the process ends.
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Fig. 11. The pressure waveforms, the dynamic motion of the hammer and the piston plotted
against time for two-gram compacted PA11 (mean particle size ≈ 22 µm and geometrical
factor h/d = 0.18) by the strain rate 1.15×103 s−1 without relaxation assists.
Several studies have proposed that high-velocity compaction (HVC) is a continuous process.
The complex nature of the pressure waves within the compacted materials has not been
considered [43] and the process analysis has been limited to the first peak of the pressure
waves [44, 45].
However, the results of this study reveal that the high-velocity compaction process is not a
continuous process, but rather that it includes several interruptions that are likely to have a
great influence on the compacted material. Instead, the subdivisions of the high-velocity
pressure waves have an important function and they should not be underestimated. The nature
of the multiple waves and peak-to-peak delay times at different strain rates are shown in Fig.
12.
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Fig. 12. The pressure waveforms recorded by two strain gauges (upper and lower-strain
gauge) for PA11 by: (a) Velocity 4,82 m/s and strain rates (1×103, 0.4×103 and 0.25×103 s−1)
for mean particle size ≈ 42 µm, ( b) Velocity 5,3m/s and strain rates (1.15×103, 0.5×103 and
0.3×103 s−1) for mean particle size ≈ 80 µm, (c) Velocity 6.2 m/s and strain rates (1.5×103,
0.6×103 and 0.35×103 s−1) the mean particle size ≈ 100 µm.
In this study, a relaxation assist device has been used to reduce the instantaneous springback
and to increase the understanding of the springback gradient in a die. The lengths of the
assists were 12, 37 and 60% of the length of the piston. The upper relaxation assist was
located above the polymer powder bed, below the piston, where the top strain gauges was
positioned, and the lower relaxation assist was located below the polymer powder bed, above
the plug, where the bottom strain gauges was positioned. The function of the relaxation assists
is to lock the powder bed during the compaction process. The compaction process with and
without the relaxation assist device is shown schematically in Fig. 13. Without the assists,
particles can withdraw more freely; start the dimensional changing, during decompacting
stage.
The pressure waveforms, dynamic motion of the hammer and the piston when compacting
PA11 (mean particle sizes ≈ 22 µm) with the geometrical factor h/d = 0.18 and strain rate
1.15×103 s−1 with relaxation assists (12, 37 and 60% of the length of the piston), respectively,
are shown in Fig. 14 a, b, and c. During compaction, all collisions between different parts of
the piston, the relaxation assists, and the hammer were elastic without permanent deformation.
The ability to absorb energy in an elastic collision without permanent deformation is a
material property. During the decompacting stage, the lower relaxation assist relaxes rapidly
and strikes the powder bed upwards due to the pure elastic energy which is stored in the lower
relaxation assist during the compacting stage. The piston withdraws faster than in the case of
compacting without the relaxation assist due to the elastic collision between the piston and the
upper relaxation assist. The high speed camera showed that the position of the piston after the
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first pressure wave, during the first delay time, was 61% higher in the case of the relaxation
assist with a height 37% than that without the use of relaxation assist, and the delay time
between the first peak and the second peak decreased from 12.2 ms to 11.58 ms with the 37%
relaxation assist and to 8.58 ms with the 60% relaxation assist.
The collision between the upper relaxation assist and the powder bed is not elastic, because
the permanent plastic deformation which occurs within the powder bed during the compacting
stage. The upper relaxation assist probably relaxes against the powder bed, and is in direct
contact with the powder bed. Consequently, the powder bed is held between the two
relaxation assists without any gap during the delay time. This locking action improves the
compacting process by reducing the expansion of the compacted volume until the powder bed
is subjected to the next pressure wave.

(b)

(a)

Fig. 13. Compacting and decompacting stage: (a) Without relaxation assists, (b) With
relaxation assists.
The relative dimensional changes during the sequence of the pressure waves for two-gram
compacted PA11 (mean particle sizes ≈ 22 µm) with and without relaxation assists (12, 37
and 60% of the length of the piston) are shown in Fig. 15. The first instantaneous springback
was found to increase with decreasing height of the relaxation assists. During the first
pressure wave, the dimensional change takes place more rapidly without than with the
relaxation assists. Furthermore, the final dimensional change was greater without than with
the relaxation assists.
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Fig. 14. The pressure waveforms, the dynamic motion of the hammer and the piston plotted
against time for two-gram compacted PA11 (mean particle size ≈ 22 µm and geometrical
factor h/d = 0.18) by the strain rate 1.15×103 s−1 with relaxation assists (a) 12%, (b) 37% and
(c) 60%.
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Fig. 15. The relative dimensional change plotted against the sequence of pressure waves for
two-gram compacted PA11 (mean particle size ≈ 22 µm and geometrical factor h/d = 0.18) by
the strain rate 1.15×103 s−1 with and without relaxation assist (12, 37 and 60% of the length of
the piston).

3.2.3

Delay time, relative time of the pressure wave and relative green density

The delay time, relative time of the pressure wave components (compaction stage,
decompaction stage and reorganisation time) and the value of the relative green density are
plotted against the height of the relaxation assist in Fig. 16.
With increasing height of the relaxation assists, the pressure wave requires more time to
transfer through the piston and the upper relaxation assist. Furthermore, the ability of the
particles to move, rotate and slide past each other before some permanent deformation take
place increases. As a result, the polymer powder bed reaches a higher relative green density.
Consequently, with the better particle rearrangement and more closely packed material the
height of the powder bed is decreased and the pressure wave requires less time to reach the
maximum value. As a result, the relative time of compacting stage decreases (the time needed
to reach the maximum value of the pressure related to the time of the pressure wave) with
increasing height of the relaxation assists. During the decompacting stage, more time is
needed to release the elastic energy stored in the upper and lower relaxation assists during the
compacting stage. As a result, the relative time of decompacting stage increases with
increasing height of the relaxation assists.
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The delay time decreases with increasing height of the relaxation assists due to the elastic
collision between the lower relaxation assist and the plug which means that the locked powder
bed is in a higher position when the powder bed is subjected to the next pressure wave and the
elastic collision between the upper relaxation assist and the piston which causes the piston to
withdraw rapidly and meet the hammer in a shorter time. As a result, the powder bed has less
time to relax and change its dimensions before it is subjected to the next pressure wave. By
avoiding the first instantaneous springback the powder bed attains a higher density as shown
in the Fig. 16. Ultimately, the interruption of the process decreases and the powder bed
relaxes during the whole compacting time with less change in dimensions, as shown in Fig.
15.

10

20

9
87.16 %

8

0
0%

10%
37%
Relaxation assist

60%

Fig. 16. The delay time, the relative time of the pressure wave components (compaction stage,
decompaction stage and reorganisation time) and the value of the relative green density
plotted against the height of the relaxation assists (the height of the relaxation assist related
to the height of the piston).
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4 CONCLUSIONS
High-velocity compaction process for polymer powder and a new technique with relaxation
assist device leads to higher relative green density than by static pressing. The initial green
density depends on nature of the particle behavior regardless of particle size and geometrical
characteristics. The relative green density is more influenced by pre-compacting step
characteristics than by the post-compacting step characteristics. However, the difference in
relative green densities achieved by pre-compacting followed by single post-compacting and
by pre-compacting followed by double post-compacting is very small, regardless of the postcompacting profile was used. Furthermore, the pressure and density distribution difference
between the upper and lower surfaces is influenced more by post-compacting quantity and
direction than by the pre-compacting characteristics.
The relaxation assist device leads to an improvement in the polymer powder compaction
process by locking the powder bed in the compacted form during the compaction process.
Consequently, the movement of the particles and the particle layers during the decompacting
stage can be reduced and the powder bed attains a higher density. By increasing the height of
the relaxation assist, the first gross instantaneous springback is reduced, and total elastic
springback is minimized.
The high-velocity compaction process is a non-continuous process, the delay times between
the pressure waves are strongly dependent on the strain rate, and this delay can be decreased
by increasing the height of the relaxation assists. Furthermore, the relative times of the
compacting stage, decompacting stage and reorganisation of the particle can be controlled by
altering of the height of the relaxation assists.
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5 FUTURE WORK
The high- velocity cold compaction (HVC) processing of polymers is a relatively complicated
process. The properties of the final products can vary over a wide range though suitable
changes in the process variables. Although the reported work illustrates the effect of these
process variables and parameters on the properties of the final products, some more work
needs to be done to investigate the structure development during processing so as to establish
processing—structure—property correlations for the solid-state processing of polymers.
There is need to develop predictive correlations between molecular structure, solid-state
properties and mechanical properties. Mathematical equations and models are needed that can
correlate the process-ability of material in large-scale manufacturing. These models must be
validated to ensure efficacy, accuracy and consistency.
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