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Abstract: We investigate fabrication of compacts using polytetrafluoroethylene (PTFE) and polyethy-
lene (PE), and the effect of compaction conditions on their terahertz transmission properties. The
conditions used to fabricate compressed powder samples for terahertz time-domain spectroscopy
(THz-TDS) can impact the accuracy of the measurements and hence the interpretation of results.
This study investigated the effect of compaction conditions on the accuracy of the THz-TDS analysis.
Two polymers that are commonly used as matrix materials in terahertz spectroscopy studies were
explored using a compaction simulator and a hydraulic press for sample preparation. THz-TDS was
used to determine the refractive index and loss coefficient to compare the powder compacts (pellets)
to the values of solid material. Sample porosity, axial relaxation and tensile strength were measured
to assess the material’s suitability for terahertz spectroscopy. It was found that PTFE is the preferable
material for creating THz-TDS samples due to its low porosity and high tensile strength. PE was
found to show significant porosity at all compaction pressures, making it an unsuitable material for
the accurate determination of optical parameters from THz-TDS spectroscopy measurements. The
larger particle sizes of PE resulted in compacts that exhibited significantly lower tensile strength than
those made from PTFE making handling and storage difficult.

Keywords: terahertz time domain spectroscopy; sample preparation; polymers; porosity

1. Introduction

Transmission terahertz (THz) spectroscopy has gained interest in various industries,
including the polymer and pharmaceutical industries. This interest can be credited to
the development of various applications of terahertz time-domain spectroscopy (THz-
TDS) in these sectors [1–6] (and references therein). With regards to the polymer/plastics
industry, THz-TDS has been applied to enhance product quality and to reduce material
wastage during the manufacture of plastic components/appliances [3,7,8]. Applications
in the pharmaceutical industry include the determination of porosity in pharmaceutical
compacts [9–11] and the determination of polymorphic forms [2,12] in both compacts and
powder. These applications and many others require the determination of the refractive
index (RI) and loss coefficient of a given material [13,14], and thus, accurate extraction of
these optical properties is of the utmost importance.

An important optical property is the effective loss coefficient, which combines material
absorbance and scattering. Highly absorbing materials, such as many pharmaceutical drug
substances, have strong THz absorption, making transmission measurements difficult and
creating the need for dilution by a low-loss material such as a non-polar polymer [15,16].
The absorbing material must be mixed homogeneously with the polymer and then com-
pacted at pressure to create a solid sample with minimal porosity. There have been various
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applications for this method of sample preparation such as the dilution of active pharma-
ceutical ingredients, explosive material and biological samples [17–19]. Several sample
properties can be a potential source of error in THz-TDS analysis, with the most critical
attributes being sample porosity, uniformity of sample thickness, surface roughness and
structural integrity.

Sample porosity must be minimised as it affects the accuracy of the RI obtained from
terahertz measurements [1,9,10,14,20,21]. Porosity refers to the volume ratio of material to
void space in the pellet. The inclusion of air in a compact lowers the measured RI [9].

Variations in pellet thickness and surface planarity can degrade the accuracy of the
extracted optical constants. Sample thickness is utilised in the extraction of the RI and thus
is a potential source of error [20]. In the case of pellets, however, it is well known that
pellets experience material- and pressure-dependent axial relaxation, leading to a change
in sample thickness and, in some cases, to porosity [10]. The pellets, therefore, must be
allowed to relax for a certain period before THz analysis to minimise this source of error.

While sample porosity is minimised by increasing the applied pressure, high com-
paction pressure can cause cracking, lamination and capping. Lamination and capping
refer to the breakage of samples during ejection from the die, where capping is the breakage
of the top and lamination is the splitting of the sample into layers [21–23]. These defects
can result in additional interfaces for refraction and reflection that produce variations
between samples. Pellets should be created at a pressure that results in a pellet with a
tensile strength of at least 2 MPa [10]. This value is generally used in the pharmaceutical
industry to ensure that pharmaceutical tablets have the required structural integrity to
survive further handling and transport. In terms of THz-TDS, the sample also requires a
certain strength to ensure that samples do not change structurally between fabrication and
measurement.

With all these properties in mind and the inherent difference in polymer batches,
it is evident that a procedure is required to investigate the polymer properties before
creating analytical samples. Even though sample preparation methods using polymers and
hydraulic presses have been used extensively to analyse various materials, comprehensive
studies on the polymers employed and the optimal conditions to make these samples are
scarce. Moreover, there is a lack of understanding of the inherent differences between
polymer batches/grades and the optimal compaction pressures to create samples with the
desired properties.

This study investigates pellet preparation for accurate determination of RI and loss
coefficient by THz-TDS. This study highlights the issues that must be considered in the
fabrication of polymer pellets for THz-TDS analysis. These include compaction pressure
required to minimise sample porosity, time needed for completion of axial relaxation and
the effect of particle size. This study also indicates the suitability of both PTFE and HDPE
as a polymer matrix for accurate determination of the RI and loss coefficient of the test
material, respectively.

Pellets were created using two commonly used matrix materials: PTFE (polytetrafluo-
roethylene) and PE (polyethylene) powders. A series of such pellets was created utilising
a range of compaction pressures to investigate the optimal compaction setting to min-
imise porosity and to prevent pellet lamination or capping. The pellets were created in a
well-controlled environment employing a compaction simulator (force- and displacement-
controlled hydraulic press), and the results were compared to a standard hydraulic press
with and without applying a vacuum. The pellets were monitored for axial relaxation
before THz-TDS analysis to obtain both the pellets’ RI and loss coefficient, followed by
breaking force testing to determine tensile strength.

2. Materials and Methods
2.1. Materials

Three pellet materials were used, PTFE (Sigma Aldrich, free-flowing) and two grades
of high-density PE powder differing in particle size (Sigma Aldrich, ultra-high molecular
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weight, surface-modified, powder). These particular materials (PTFE and HDPE) were
chosen due to their extensive use in current sample preparation methods. The particle size
and true density values of these materials are given in Table 1.

Table 1. Three polymer materials used for pellet fabrication, with particle size and solid true density
at 25 °C provided by the material supplier.

Name Material Avg. Particle Size (µm) Manufacturer True Density (g/cm−3)

PTFE PTFE 1 2.15
HDPE1 PE 42 0.94
HDPE2 PE 125 0.94

2.2. Methods
2.2.1. Sample Preparation

The study analysed pellets fabricated from PTFE and two grades of HDPE. The
polymer materials were compacted using a compaction simulator (HB50, Huxley-Bertram
Engineering, Cambridge, UK; London, UK) or a standard hydraulic press (SGS 10 TON,
Hydraulic Shop Press SHBP10M, Derby, UK) with and without the application of a vacuum.
Batches of ten plane parallel pellets were created for each polymer material with a diameter
of 9 mm and a thickness of approximately 1 mm. The compaction simulator applies a set
force, F, to the die resulting in a pressure (MPa) dependent on the cross-sectional area of
the cylindrical die, A:

P =
F
A

=
mapplied · g

A
(1)

with mapplied and g defined as mass and gravity, respectively. For hydraulic presses, the
applied force is typically given in terms of the applied mass, mapplied (tons; 1 t = 9.8 kN =
154 MPa for a pellet with a diameter of 9 mm).

The pellets made on the vacuum hydraulic press were compacted at two pressures
(139 & 159 MPa) for each polymer material. A 1 min dwell time for the hydraulic press
samples was utilised. These two pressures represent the commonly used compaction
pressures [16] for hydraulic press sample preparation.

Seven compaction pressures (157, 235, 319, 352, 392, 436 and 478 MPa) were studied
for each polymer material using the compaction simulator. The chosen pressure range on
the compaction simulator begins at the typical compaction pressures used on hydraulic
presses for sample preparation. The main benefit of the compaction simulator is the ability
to have greater control over various compaction properties such as the force applied to the
powder as well as the dwell time and compaction profile used. In this case, a 15 s profile
was utilised with a 5 s dwell time at maximum load.

2.2.2. True Density Measurements

The true density of all powder polymer materials was measured using a gas pycnome-
ter (MicroUltrapyc 1200e, Quantachrome Instrument, Graz, Austria) using nitrogen gas.
All measurements obtained were conducted in triplicate.

2.2.3. THz-TDS Measurements

THz-TDS measurements were carried out on a commercial system (TeraPulse Lx,
Teraview), with a frequency (ν) resolution of 0.04 THz. All measurements were performed
in a nitrogen-purged chamber. Sample thickness (L) was measured using a microme-
ter (±0.005 mm) prior to the TDS measurement and was used for the calculation of the
frequency-dependent refractive index (n(ν)) and loss coefficient (α(ν)). The frequency-
domain field amplitude (E(ν)) and phase (φ(ν)) for the sample (s) and reference (r) pulse
were obtained from the time-domain data by applying zero padding (next power of 2),
apodisation (Hamming approximation) and fast Fourier transform [13,24,25]. Then, (n(ν))
and (α(ν)) of each sample were calculated using the standard equations [13]:
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n(ν) =
(φs(ν)− φr(ν)) c

2π f L
(2)

α(ν) = − 2
L

ln
[
(n + 1)2

4n
Es(ν)

Er(ν)

]
(3)

2.2.4. Sample Porosity Analysis

The zero porosity approximation (ZPA) effective medium theory (EMT) was employed
for porosity calculations ( fZPA). ZPA was employed due to the simple and well-controlled
formulation, allowing for a standard linear model to be used [21]. ZPA uses the intrinsic
refractive index (nintrinsic) of the material (solid material) and the extracted refractive index
(nextracted) to calculate sample porosity:

fZPA =
nextracted − nintrinsic

1 − nintrinsic
(4)

The intrinsic refractive index value for PTFE was set to the highest refractive index
extracted due to the refractive index being consistently higher than the literature value.
This was obtained for PTFE samples compacted at 159 MPa using the hydraulic press with
a vacuum. It is assumed that the porosity of the PTFE samples is close to zero when the
refractive index is maximised.

2.2.5. Axial Relaxation Measurements

Axial relaxation (R) was measured for pellets compacted at 159 MPa for all materials
and compaction methods. Pellet thickness was measured using a micrometer (±0.005 mm)
immediately after compaction, one and four weeks after compaction. Using the thicknesses
measured one week (L1) and four weeks (L4) after compaction, the axial relaxation was
calculated as a percentage of the post-compaction thickness.

R = (100(L(1,4)/L(pc)))− 100 (5)

2.2.6. Tensile Strength Measurements

The breaking force of each pellet was measured using a high load hardness tester
(Kraemer Elektronick HC6.2, Darmstadt Germany). Utilising the extracted breaking force
value, h and sample diameter (D), the tensile strength, σt, for the pellets was then calculated:

σt =
2h

πDL
(6)

3. Results
3.1. Gas Pycnometery Measurements

Pycnometric density (ρtrue) for all polymer materials is presented in Table 2. The
measured values were the same as those provided by the manufacturers, with the exception
of PTFE, which was lower.

Table 2. Solid true density of PTFE and the two HDPE grades. Measured values are the mean ± one
standard deviation (n = 3).

Name Manufacturer True Density (g/cm3) $true (g/cm3)

PTFE 2.15 2.07 ± 0.01
HDPE1 0.94 0.96 ± 0.02
HDPE2 0.94 0.95 ± 0.01

3.2. Polytetrafluoroethylene

Full frequency spectra for both refractive index and loss coefficient for PTFE can be
seen in Figure 1. It is evident at low frequencies that the PTFE pellets are in good agreement
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with the loss coefficient of solid material whereas the refractive index is slightly higher.
Oscillations in the pellet spectra are artifacts due to internal reflections within the sample
producing a Fabry–Perot effect. The oscillation period or free spectral range (FSR) is
determined by the sample thickness and refractive index, given by [26,27]:

FSR =
c

2nextractedL
(7)

For the purposes of subsequent analysis, mean values over a range (2.45–2.55 THz)
were used due to the lack of spectral features and relatively high signal-to-noise ratio (SNR).

a) b)

Figure 1. Refractive index (a) and loss coefficient (b) spectra of PTFE pellets. Oscillations in spectra
are artifacts due to internal reflections.

Figure 2 presents the refractive index (a) and loss coefficient (b) of PTFE pellets
compacted at various pressures (159, 235, 319, 352, 392, 436 and 478 MPa). The refractive
indices of pellets made using the compaction simulator (Figure 2a) are either in good
agreement or slightly above the values in the literature with the exception of the pellets
that were compacted at a pressure of 159 MPa. Consistently higher refractive index values
suggest a difference in material density compared with the values in the literature. Raman
spectra of the PTFE pellets and solid reference samples were acquired to determine whether
a change in amorphous or crystalline character had occurred (Figure A1); no such change
was observed. Therefore, the increased refractive index is attributed to the different
production method used for the powder compared with that for the solid polymer.

The loss coefficient values for compaction pressures >350 MPa are within the reference
ranges. It can also be observed that higher compaction pressures lead to more consistent
loss coefficient values. The refractive index value at a compaction pressure of 159 MPa is
significantly lower than expected and exhibits high variability across ten pellets. This lower
refractive index suggests a large sample porosity created by inter-particle pores. These
inter-particle pores reduce in size with increasing compaction pressure. The measured
RI approaches the refractive index of the solid material as the porosity decreases with
increasing compaction pressure. Evidence of sample cracks can be observed in microscope
images (Figure A2b). The high calculated standard deviation is due to cracks in the samples
produced at this lower pressure, particularly noticeable in those made using the compaction
simulator. These cracks cause inaccuracies in the determination of the calculated refractive
index due to changes in sample thickness. The cracks in these samples also affect the loss
coefficient, which is higher in samples compacted at lower pressures.

The samples fabricated using the hydraulic press with a vacuum had refractive indices
either slightly above or in agreement with the values in the literature. Loss coefficient
values were also in good agreement with the values in the literature. However, it should
be noted that creating samples in such a die requires care when releasing the pressure
to prevent sample cracking. The dwell time difference between the compaction methods
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must also be considered where the hydraulic press had a larger dwell time compared
with the compaction simulator, thus explaining the better performance at lower pressures.
The increased loss coefficient for pellets produced at lower compaction pressures with the
compaction simulator is driven by increased scattering from pores within the sample.

The hydraulic press without a vacuum performed well at 139 MPa, with both refractive
index and loss coefficient values either matching or slightly above literature values. How-
ever, the samples produced using a compaction pressure of 159 MPa have a significantly
lower refractive index, suggesting either an increase in sample porosity or the inclusion of
structural defects in the sample. These structural defects are also seen in the increased loss
coefficient in Figure 2.

a) b)

Figure 2. Refractive index (a) and loss coefficient (b) of PTFE pellets compacted at various pressures.
Optical parameters were extracted at 2.45–2.55 THz. Three compaction methods were used: hydraulic
press with a vacuum (HPV) and without a vacuum (HPNV) as well as a compaction simulator (CS).
Literature values for both RI and loss coefficient are shown as a grey band. The literature is presented
as a band reflecting the range of values quoted in the literature [8,28–31]. Values plotted are the mean,
with the error bars depicting ± one standard deviation (n = 10).

A sample porosity for PTFE pellets produced using the compaction simulator and the
hydraulic press at all compaction pressures is shown in Figure 3a. The ZPA was employed
to calculate sample porosity from refractive index. An additional investigation into the
sample porosity of PTFE pellets involved THz-TDS analysis of dry and paraffin oil soaked
pellets. The paraffin oil will fill surface connected pores and increase the refractive index
due to a decrease in sample porosity. This investigation suggested minimal open (surface
connected) pores (Figure A3) [14]. As PTFE is opaque to visible light, microscope imaging
can be deployed to identify pores close to the sample surface. Microscope imaging of PTFE
samples compacted at >350 MPa showed minimal porosity (Figure A2). Furthermore, due
to the refractive index values matching or exceeding that of solid PTFE, it is clear that these
pellets have close to zero porosity, indicating that PTFE is a suitable material for fabricating
compressed pellets with minimal porosity.

PTFE pellets fabricated in the compaction simulator and hydraulic press without a
vacuum do not undergo significant axial relaxation one week after compaction (Figure 3b).
Pellets fabricated in the hydraulic press with a vacuum (HPV) exhibit more significant
axial relaxation between zero and one week after compaction. Therefore, due to the
axial relaxation of PTFE pellets being negligible for those produced with the compaction
simulator and the hydraulic press without a vacuum, it is clear that THz-TDS analysis can
be carried out one week after compaction allowing for repeated analysis.
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a) b)

Figure 3. Sample porosity (a) and axial relaxation (b) of PTFE pellets. Three compaction methods
were used: hydraulic press with a vacuum (HPV) and without a vacuum (HPNV), as well as a
compaction simulator (CS). Values plotted are the mean with the error bars depicting ± one standard
deviation (n = 10 (a), n = 3 (b)).

Polyethylene

The full frequency spectra for both refractive index and loss coefficient for HDPE can
be seen in Figure 4. It is evident that the HDPE pellets contain significant porosity as the
refractive index is significantly lower than that for the solid reference material. The HDPE2
pellets have much higher loss values due to increased scattering in materials comprising a
larger particle size. As HDPE2 is more strongly absorbing, the Fabry–Perot oscillations are
suppressed at higher frequencies because internal echoes are absorbed as they propagate
through the material. The loss coefficient for the HDPE1 pellets are in good agreement with
that of the solid reference material below 2 THz; however, higher frequencies are more
affected by the scattering from particles, leading to significant excess loss above 1 THz. For
the purposes of subsequent analysis, mean values over a range (2.45–2.55 THz) were used
due to the lack of spectral features and relatively high SNR.

a) b)

Figure 4. Spectra of HDPE pellets showing the (a) refractive index and (b) loss coefficient. Oscillations
in spectra are artifacts due to internal reflections.

Refractive indices extracted at 2.45–2.55 THz for HDPE1 and HDPE2 are presented in
Figure 5 as a function of compaction pressure. The results indicate that the refractive index
for both HDPE grades is significantly lower than the literature values. The lower refractive
index suggests significant porosity in all samples, meaning that the polymer is unsuitable
for accurate determination of RI. Samples made with the hydraulic press show slightly
higher refractive indices than the compaction simulator; this increase is independent of the
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application of a vacuum. There is no distinguishable difference in RI between samples of
the two grades.

a) b)

Figure 5. Refractive index extracted at 2.45–2.55 THz for (a) HDPE1 and (b) HDPE2 pellets compacted
at various pressures. Three compaction methods were used: hydraulic press with a vacuum (HPV)
and without a vacuum (HPNV) as well as a compaction simulator (CS). Reference values for RI are
shown as a grey band. Values plotted are the mean with the error bars depicting ± one standard
deviation (n = 10).

Loss coefficients for HDPE1 (a) and HDPE2 (b) are presented in Figure 6 as a function
of compaction pressure. The loss coefficient for HDPE1 grade is in good agreement with
the reference loss coefficient values, indicating low scattering. However, pellets made from
HDPE2 exhibit significantly higher loss, which is attributed to increased scattering from
the larger particle size. The loss coefficient remains constant because porosity is constant
over the compaction pressure range (Figures 7 and 8). The reproducibility of samples
produced using the hydraulic press is higher than those fabricated in the compaction
simulator (Figure 6). The variation is significantly higher for pellets produced at compaction
pressures >350 MPa, suggesting that compaction pressures >350 MPa are unsuitable for
sample preparation of this material.

a) b)

Figure 6. Loss coefficient extracted at 2.45–2.55 THz for (a) HDPE1 (b) and HDPE2 pellets compacted
at various pressures.Three compaction methods were used: hydraulic press with a vacuum (HPV)
and without a vacuum (HPNV) as well as a compaction simulator (CS). Reference values for RI is
shown as a grey band. Values plotted are the mean with the error bars depicting ± one standard
deviation (n = 10).

The sample porosity for the HDPE pellets produced using the compaction simulator
and the hydraulic press across all compaction pressures is shown in Figure 7a. The ZPA
was employed to calculate sample porosity from the refractive index. The HDPE1 samples
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increase in porosity with increasing compaction pressure, whereas the HDPE2 samples
have more consistent porosity values. It is evident that these porosity values are too large
for the extraction of accurate THz optical parameters. The inclusion of pores reduces the
calculated effective refractive index and the pores’ scattering leads to an increased loss
coefficient value.

a) b)

Figure 7. Sample porosity for (a) HDPE1 and (b) HDPE2 pellets compacted at 159 MPa. Three
compaction methods were used: hydraulic press with a vacuum (HPV) and without a vacuum
(HPNV) as well as a compaction simulator (CS). Values plotted are the mean with the error bars
depicting ± one standard deviation (n = 10).

The HDPE pellets undergo significantly more axial relaxation one week after com-
paction (Figure 8) compared with that of PTFE pellets. Axial relaxation in HDPE samples
continues to 4 weeks after compaction, with samples made using the hydraulic press (longer
dwell times) showing more significant relaxation. The application of a vacuum leads to
significantly more elastic relaxation in HDPE1 (lower particle size) compared with HDPE2
(higher particle size). It is evident that particle size has a significant effect on the axial
relaxation. Larger particle sizes will relax to a greater extent and show more significant
differences between one and four weeks after compaction. Therefore, due to the axial
relaxation of HDPE being significant for pellets produced using all compaction methods, it
is clear that THz-TDS analysis should be carried out four weeks after compaction allowing
for repeated analysis.

a) b)

Figure 8. Axial relaxation for (a) HDPE1 and (b) HDPE2 pellets compacted at 159 MPa. Three
compaction methods were used: hydraulic press with a vacuum (HPV) and without a vacuum
(HPNV) as well as a compaction simulator (CS). Values plotted are the mean with the error bars
depicting ± one standard deviation (n = 3).
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In summary, the samples produced by all compaction methods show significant
porosity, making them unsuitable for the accurate extraction of refractive index or loss
coefficient values.

3.3. Tensile Strength

The tensile strengths of pellets of all grades compacted at 392 MPa were determined,
showing a distinct difference in the strength of the pellets (Table 3). PTFE and HDPE1
pellets exhibit significantly higher tensile strength than HDPE2 pellets. This difference
cannot be attributed to porosity since porosity values of the two grades are similar within
error (Figure 7). This change in tensile strength can be attributed to the different particle size.
For HDPE, small particle sizes would be preferable for sample preparation, both in terms
of tensile strength and reduced scattering. As both PTFE and HDPE1 have tensile strengths
higher than 2 MPa, they would both be suitable for experimental handling, provided that
they are compacted at >392 MPa. However it must be noted that the handling of HDPE1
was inferior to that of PTFE. It was observed that, during handling of HDPE1 pellets, the
surface visibly crumbled and left residue on gloves, meaning repeated analysis of samples
would lead to lower reproducibility.

Table 3. Tensile strength of PTFE, HDPE1 and HDPE2 pellets produced using the compaction
simulator. Pellets were compacted at 392 MPa. Calculated values are the mean ± one standard
deviation (n = 5).

Name Tensile Strength (MPa)

PTFE 3.162 ± 0.050
PTFE 3.162 ± 0.050

HDPE2 0.846 ± 0.058

4. Discussion

The results demonstrate that PTFE is preferred over HDPE for use as a matrix material
due to the lower porosity of PTFE pellets. The PTFE samples have a high tensile strength,
indicating that they are structurally robust when compacted at >392 MPa, allowing for
repeated analysis and ease of handling.

The optimal compaction pressure for fabricating PTFE samples with the compaction
simulator appears to be greater than 350 MPa to avoid lamination or capping. However, a
lower compaction pressures should be used with a hydraulic press if the operator controlled
pressure release is well regulated to prevent the sample from being broken. The dwell
time utilised by the compaction methods must also be considered, as a lower compaction
pressure with a sufficiently long dwell time will achieve the same performance as a higher
pressure with shorter a dwell time.

The particle size of the material has a significant effect on tensile strength, axial
relaxation, sample porosity and scattering (Figure 7). Smaller particle sizes would be
preferable for scattering reduction and higher tensile strength.

Comparing the performance of the compaction simulator and hydraulic press suggests
that the hydraulic press is superior in creating lower porosity samples. This is primarily
driven by the effect of dwell time as the compaction simulator was set to a shorter dwell time
compared with the hydraulic press where the operator directly controls the dwell time. No
noticeable advantage was observed by applying a vacuum to the die (Figure 7) in regards
to the final porosity values. This is attributed to the axial relaxation after compaction,
as a higher compaction pressure causes more significant axial relaxation [32] and greater
changes in porosity. Analysis immediately after compaction is not recommended as changes
in porosity will lead to a reduced reproducibility. However, utilising a vacuumed die for
PTFE samples would be the preferred choice for minimising the effect of porosity if THz-
TDS analysis must be carried out immediately after compaction and repeated analysis is
not required.
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Finally, there is a significant difference between the optical parameters extracted from
the two HDPE grades. It is therefore advisable to create reference samples of pure matrix
polymer for each batch of material.

5. Conclusions

We investigated the fabrication of polymer pellets for the accurate measurement of
THz parameters. PTFE and HDPE pellets were created using various compaction pressures;
measurements for THz-TDS, tensile strength, axial relaxation and porosity were performed.
Three compaction methods were used to assess their performance: hydraulic press with and
without a vacuum, as well as a compaction simulator. We also investigated two different
grades of HDPE to assess uniformity between grades and the effect of particle size.

PTFE was the preferred material for use as a matrix due to its low porosity and
high tensile strength. It was found that a compaction pressure >350 MPa was required
to prevent lamination/capping in compaction simulator samples. HPDE grades produce
samples with significant porosity at all compaction pressures, making refractive index
and loss coefficient extraction less accurate. There were noticeable differences in the
extracted optical parameters between grades of HDPE, suggesting that inter-batch material
variations reinforce the need for reference samples to be created for each batch of polymer.
The particle size in HDPE primarily affected the resulting tensile strength and scattering
loss of the material, with smaller particles producing pellets with higher tensile strength
and lower loss coefficients. Pellets can increase in thickness after compaction for up to four
weeks, meaning that THz-TDS analysis should be carried out after this period to ensure
reproducible results.

Compaction using the hydraulic press resulted in noticeably superior samples, with a
vacuum providing no noticeable benefits with the exception of reduced porosity in PTFE
pellets immediately after compaction. This performance improvement is primarily due to
an increase in dwell time compared with that used for the compaction simulator [33]. The
ability to control the aspects of compaction in the simulator, and recording of the in-die
parameters such as thickness and diameter provide distinct advantage.
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Appendix A

Figure A1. Raman spectra (Bruker Bravo, Billerica, Massachusetts, United States) of PTFE pellets and
solid PTFE showing no changes in crystalline or amorphous character.

a) b)

Minimal Sample 
Porosity Minor Surface 

Defects
Capped Surface

Figure A2. Microscope images of PTFE pellets showing minimal sample porosity and capping
evidence on the surface of pellets compacted at lower pressures. (a) PTFE pellet produced with a
compaction pressure of 392 MPa with minimal sample porosity and (b) PTFE pellet produced with a
compaction pressure of 235 MPa with surface imperfections/capping.
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a) b)

Figure A3. THz-TDS optical parameters of the dry and paraffin soaked pellets. (a) refractive index
and (b) loss coefficient.
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