3D printed polymers are less stable than injection moulded counterparts when exposed to
terminal sterilization processes using novel vaporized hydrogen peroxide and electron beam
processes
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ABSTRACT

There is an increasing trend for use of 3D printing processes in healthcare due in part to
emergence of customised medical devices and associated low manufacturing cost. However,
there is a dearth of knowledge on the efficacy of terminal sterilization processes on such 3D
printing processes compared to conventional manufacturing methods, such as injection
moulding. Therefore, the goal of this timely work was to compare the mechanical, thermal and
chemical effects of vaporized hydrogen peroxide (VHP) and electron beam (E-beam)
sterilization processes on the 3D printed and injection moulded high density polyethylene
(HDPE) and Polyamide 6 samples. Characterization of materials post sterilization was
performed by several analytical methods. Studies found that injection moulded samples
exhibited higher tensile strength, higher degree of crystallinity, lower ductility, and higher
thermal stability than 3D printed samples due to their tightly packed structures. After VHP and
E-beam sterilization processes, oxidation and crosslinking occurred along with yellow colour
change. Free hydroxyl radicals and intermolecular carbon bonding were detected by FTIR; the
viscosity, storage modulus and loss modulus were increased due to crosslinking; the wettability
of all the samples were increased due to the free radicals on the surface. However, the tensile
properties of all samples measured were not affected by the VHP or E-beam processes, which
was attributed to the low irradiation dosage of E-beam and good resistance to hydrolytic
degradation from VHP. Overall, E-beam process resulted in more severe oxidation and
crosslinking than VHP process, and sterilized 3D printed samples were less stable compared
to injection moulded samples when exposed to terminal sterilization processes, which was
evidenced with more new peaks related to oxidation and crosslinking detected by FTIR and the
dramatic increase in the degree of crystallinity. These findings highlight the importance of
considering choice of industrial terminal sterilisation with view to future reduction of
processing conditions for emerging additive manufacturing processes, such as in situ 3D
printing that is often underappreciated.
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INTRODUCTION

3D printing is a disruptive technology that is revolutionizing the healthcare industry globally.
It enables custom-tailored medical devices to be printed to meet personalized needs, expedites
surgical procedures, prepares surgeons and physicians with models for some complex cases,
reduces the manufacturing cost, and may in time be used to replace human organ transplants
in regenerative tissue engineering [1]. Currently, many medical devices are manufactured via
3D printing technology, such as hearing aids, orthopaedic and cranial implants, dental crowns
and external prosthetics. As the majority of medical devices require sterilization, the
performance of 3D printed devices finished with sterilization compared with traditionally
manufactured devices is an important aspect to be considered as the healthcare manufacturing
industry seeks to innovate with the 3D printing technology. The findings from this study
provided evidence and support for the improvement of the sterilization procedures and
standards servicing the fast development of 3D printed medical device industry.

Sterilization is a process by which bacteria or other living microorganisms are either destroyed
or completely removed from a treated object [2]. Sterilization methods can be classified into
three major groups namely, ionising radiation, gas technologies and heat treatment (steam).
lonising radiation includes gamma radiation, electron beam (E-beam) and X-ray radiation. Gas
sterilization technologies comprise plasma, ethylene oxide (EO) and more recently, vaporized
hydrogen peroxide (VHP®, a registered trademark of STERIS) [3]. Approximately 50% of
medical devices are sterilized by using EO globally [4]. In response to the February 2019
closure of a large device sterilization facility, the FDA announced an innovative challenge to
reduce the ethylene oxide emission [5], STERIS Applied Sterilization Technologies have
investigated material compatibility with traditional terminal sterilization technologies and VHP
appeared to be an alternative sterilization technology to EO. Steam sterilization is typically
conducted by use of autoclaves and contrasts from aforementioned processes as relies upon
heat for efficacy. This current work focuses on VHP and E-beam sterilization processes.

VHP is a gaseous technology, utilizing hydrogen peroxide (H20>) in the form of vapour. H20:
is an extremely powerful oxidant and it generates reactive oxygen species, such as hydroxyl
radicals that attack multiple molecular targets, including microbial nucleic acids, enzymes, cell
wall proteins and lipids. Typical VHP processes operate at a temperature range of 25 — 50 °C
with an approximate cycle duration of 1.5 — 4 hours, but has limited penetration power [6]. It
is suitable for materials that cannot sustain high temperature and moisture from steam
sterilization, but it is not suitable for hygroscopic materials that absorb moisture, such as paper,
cotton, cellulose, polylactic acid. [1, 2]. VHP is not classed as a carcinogen and is more
environmentally friendly than EO as a sustainable terminal sterilization technology for medical
device industry [8].

E-beam radiation is created by the accelerated electrons produced from an electromagnetic
filed in an accelerator and the high-energy electrons move through the target material, killing
bacteria by breaking the chains of DNA and RNA. However, this process can also lead to
significant alternations in the treated materials. The high-energy electrons interact freely with
molecules within the target material, ejecting electrons from their orbits and generating free
radicals. The free radicals react with the present oxygen, lead to oxidation and degradation [2,
3]. The sterilization induced polymer degradation can be cross-linking, chain scission or a
combination of both. Polymers with strong bonds such as benzene rings, might regain original
configuration following sterilization, while polymers with weak bonds result in chain scission
and undergo degradation [2, 9].

High density polyethylene (HDPE) in general crosslinks on irradiation, which increases the
molecular weight and therefore lower the mobility of molecules and reduce creep. This may
raise the tensile strength, increase the hardness and brittleness, but impact strength and shear
strength usually decrease or remain relatively unchanged [12]. However, there is a chain



scission mechanism as well. It was reported that with 100 kGy radiation dosage, chain scission
of HDPE occurred [13].

Polyamides are commonly known as nylon with repeating amide group along the polymer
chain. Polyamides are limited to a few cycles of stream or autoclave sterilization because
polyamides absorb moisture and hence degrade [14]. Polyamides are reasonably resistant to
small doses of irradiation sterilization, typically up to 40 — 50 kGy, but not for many repeat
doses [10, 12]. Kubyshkina et al. reported that polyamides are only suitable for a single dose
of radiation [15]. Polyamides crosslink and lose crystallinity upon sterilization causing a slow
increase in tensile strength but much more rapid drop in impact strength [12].

The effects of sterilization methods on various polymer materials have been studied, but there
is a currently a dearth of evidence-based research describing the effects of industrial terminal
sterilization processes on 3D printed plastic objects. Shaheen et al. printed tooth replicas,
orthognathic splints and surgical cutting guides via PolyJet technology, and sterilized with
autoclave (heat/steam sterilization) and VHP. They reported that all 3D printed objects that
underwent autoclave and VHP sterilization had indicated shape deformation, and larger
differences were observed with autoclave sterilization compared with VHP sterilization [16].
Unlike to conventional medical devices manufacturing techniques, such as machining and
injection moulding, 3D printing is an additive method and the material is consequently added
in each layer as a thin cross section of a 3D object. This layering process results in various
changes in the physical, mechanical, thermal properties of the objects. Several studies have
compared the property differences of polymers, including polycarbonate urethane [17], ABS
[18], resulted from 3D printing and traditional manufacturing methods.

This current multi-disciplinary study characterises material properties of 3D printed and
injection moulded Marlex (HDPE) and 3D printed Grilon (Polyamide 6) samples post terminal
VHP and E-beam sterilization. The physical, chemical and thermal properties of the samples
were investigated via colorimetry, rheometry, fourier transfer infrared spectroscopy (FTIR),
dynamic mechanical thermal analysis (DMTA), differential scanning calorimetry (DSC),
thermogravimetric analysis (TGA), and tensile testing. Surface modifications induced by
sterilization were studied by scanning electron microscopy (SEM) and goniometry.
MATERIALS AND METHODS

Materials

High density polyethylene (HDPE) (Marlex® HHM 5502BN Polyethylene) was obtained from
Chevron Philips Chemical Company LP (Woodlands, US). Polyamide 6 (Grilon F 40 NL) was
supplied by EMS-CHEMIE AG (Switzerland). All materials were used as received.

Injection moulding

ASTM Standard tensile test samples were injection moulded by Arburg™ All-rounder 221K
(Arburg, Lossburg, Germany), with the maximal clamping force of 350 kN, a screw diameter
of 25 mm, a theoretical stroke volume of 49 cm? and a maximum injected part weight of 41 g.
Marlex was dried at 70 °C for 8 hours prior to injection moulding. The temperature profile for
injection moulding increased from 160 °C at the hopper to 200 °C at the nozzle with injection
speed of 100 mm/s. The holding pressure used was 600 bar with a holding time of 6.5 seconds.
The cooling time was 10 seconds with a back pressure of 50 bar. Polyamide 6 Grilon F 40 NL
is an extrusion grade polymer and as such inaccurate geometries were obtained from injection
moulding. Therefore, the comparison between 3D printed and injection moulded was
conducted using Marlex samples only, with the comparative effects of VHP and E-beam on
3D printed parts assessed using both Marlex and Grilon samples.

3D printing

3D printed dumbbell-shaped tensile test samples were printed by ARBURG Plastic
Freeforming (AKF) (ARBURG GmbH & CO KG, Germany). Marlex samples were printed at
200 °C and Grilon samples were printed at 250 °C. AKF allows molten plastic droplets with a



diameter between 0.2 and 0.4 mm to be generated by a stationary nozzle that relies on
piezoelectric closure system and deposited on a moving platform to build up 3D objects layer
by layer [19].

Vaporized hydrogen peroxide (VHP)

The test samples were treated with VHP in a STERIS VHP® LTS-V industrial sterilizer
using STERIS VAPROX® hydrogen peroxide (35 %) sterilant. The process consisted of a four
VHP pulse injection cycle performed in vacuum environment conditions at 30 °C. The process
was performed at STERIS Applied Sterilization Technologies, Tullamore, Ireland.

E-beam

The test specimens were irradiated with E-beam process in STERIS with a Mevex Linac E-
beam 10 MeV, 20 kW at a dose of circa 30 kGy in air at ambient temperature. All the specimens
were irradiated by E-beam from both sides. The process was performed at STERIS Applied
Sterilization Technologies, Tullamore, Ireland.

Colorimetry

Colour measurements (L*, a*, b* values) of the specimens was determined by using a
Lovibond RT Series Reflectance Tintometer (Amesbury, UK) with OnColor software. Prior to
measuring the colour of the specimens, the instrument was standardized by placing black and
white standard plates and L*, a* and b* colour values were recorded. The L* values correspond
to lightness/darkness (0 for black and 100 for white), the a* values correspond to the
specimen’s colour dimension from red to green (the greater a* value, the redder), the b* values
correspond to the specimen’s colour dimension from yellow to blue (the greater b* value, the
yellower).

Surface wettability

The surface wettability of all the specimens was assessed using a First ten angstroms, FTA32
goniometer (Virginia, US). In this test, the Sessile Drop contact angle technique was utilised
with distilled water as the probe liquid and the contact angle value of each specimen was
recorded.

Fourier transfer infrared spectroscopy

Attenuated total reflectance Fourier transform infrared spectroscopy (FTIR) was carried out on
a Perkin Elmer Spectrum One (Waltham, US) fitted with a universal ATR sampling accessory.
All data were recorded at 21 °C in the spectral range of 4000 — 520 cm™ against air as
background, utilising a 4 scan per sample cycle at a resolution of 0.5 cm™ and a fixed universal
compression force of 70 - 80 N. Subsequent analysis was carried out using Spectrum software.
Differential scanning calorimetry

Differential scanning calorimetry (DSC) was carried out using a DSC 2920 Modulated DSC
(TA Instruments, New Castle, US) with a nitrogen flow rate of 20 ml/min to prevent oxidation.
Calibration of the instrument was performed using indium as standard. All the samples were
dried at 60 °C for 8 hours prior to testing. Test specimens weighed between 8 and 12 mg were
measured on a Sartorius scales (MC 210 P), capable of being read to five decimal places.
Samples were crimped in non-perforated aluminium pans, with an empty crimped aluminium
pan used as the reference. The thermal history of Marlex samples was removed by heating
samples from 20 °C to 200 °C at the rate of 30 °C/min, and then held isothermally at 200 °C
for 10 min. The samples were then cooled down from 200 °C to 0 °C at 30 °C/min. Finally, the
thermal properties of the Marlex samples were recorded by heating the samples from 0 °C to
200 °C at the rate of 10 °C/min. Similarly, the Grilon samples were heated initially from 20 °C
to 250 °C at the rate of 30 °C/min, then held isothermally at 250 °C for 10 min, followed by
cooling down from 250 °C to 0 °C at 30 °C/min. Finally, the Grilon samples were heated again
from 0 °C to 250 °C at the rate of 10 °C/min for testing thermal properties. Crystallinity and
melting temperature of each sample were analysed. For calculating percentage crystallinity, the
melt enthalpy of completely crystalline Marlex was 286.7 J/g and 83 J/g for Grilon.



Rheometry

An oscillatory rheometer TA Discovery Hybrid Rheometer 2 (New Castle, US) was used for
the rheologic analysis of all the samples. The parallel plate rheometer was fitted and calibrated
with a geometry of 25 mm diameter steel plate. An amplitude of 1 % was applied and
previously verified by an amplitude sweep at a frequency of 1.0 Hz. Oscillation frequency
sweeps were conducted from 0.1 to 20 rad/s angular frequency at a constant temperature of 260
°C for the Grilon samples and 250 °C for the Marlex samples.

Dynamic mechanical thermal analysis (DMTA)

The Dynamic mechanical thermal analysis (DMTA) analysis was carried out using Perkin
Elmer DMA 8000 Analyser (Waltham, US) with Multi-Frequency module — Storage modulus
and Strain. The heating profile for Marlex samples was from -150 to 10 °C at 3 °C/min, and
the heating profile for Grilon samples was from -10 to 100 °C at 3 °C/min. The storage modulus
and loss modulus of all samples were recorded.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) tests were conducted using Perkin Elmer TGA 7
Thermogravimetric Analyzer (Waltham, US), coupled with a Perkin ElImer Thermal Analysis
controller TAC7/DX under nitrogen atmosphere. The tests were run from 30 °C to 600 °C, at
a heating rate of 10 °C/min. the onset degradation temperature of each sample was recorded.
Morphology

Scanning electron microscopy (SEM) was performed using a Mira XMU SEM (Tescan™,
Czech Republic) in back scattered electron mode for surface analysis. The accelerating voltages
utilized were 5 kV and 10 kV. Prior to analysis, test samples were placed on an aluminum stub,
and the samples were sputtered with a gold using Baltec SCD 005 for 110 s at 0.1 mbar vacuum
before testing.

Mechanical testing

The mechanical properties of the samples were characterised by tensile tests. Tensile testing
was carried out on a Lloyd Lr10k tensometer (Ametek Ltd., West Sussex, UK) using a 2.5 kN
load cell on ASTM standard test specimens at a strain rate of 5 mm/min for both 3D printed
and injection moulded Marlex samples and 120 mm/min for Grilon samples. Data was recorded
using Nexygen™ software. The tensile tests were carried out in adherence to ASTM D 882.
Five replicates were analysed per group and prior to testing the thickness of each sample was
measured. The percentage strain at maximum load and Young’s Modulus of each sample were
recorded.

Statistical analysis

Statistical analysis was performed using one way analysis of variance (ANOVA) with a Tukey
Post hoc test to determine differences. Differences were considered significant when p <0.05.
The software used to perform statistical analysis was SPSS (IBM Version 22) for Windows.
All data collected in this study were expressed as mean * standard deviation. Sample size of
10 was used for colorimetry and contact angle test, while sample size of 5 was used for tensile
testing.

RESULTS

Colorimetry

Both VHP and E-beam sterilization processes caused all the specimen turn yellow, and E-beam
treated specimen appeared yellower than VHP treated specimen. This was supported by the
colorimetric test results, where the b values and AE measurements increased dramatically,
especially after E-beam treatment, shown in figure 1 and figure 2 (p < 0.05 for all comparison).
The b values correspond to the colour of yellow, the greater b value, the yellower.
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Figure 2: The AE from colorimetry for Marlex and Grilon samples
Surface wettability
Wettability is the tendency of a material to attract water to its surface, or absorb the water.
Contact angle was measured to analyse the wettability of each sample. It can be clearly seen
from figure 3 that VHP and E-beam sterilization methods decreased the contact angle of 3D
printed Marlex samples, injection moulded Marlex samples and 3D printed Grilon samples (p
= 0.021 for all comparison).
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Figure 3: Contact angle measurements of 3D printed and injection moulded Marlex and Grilon samples upon VHP
and E-beam sterilization

Fourier transfer infrared spectroscopy

A new peak at 3299 cm™, which is related to oxidation, appeared in the E-beam treated 3D
printed Marlex sample; new peaks at 2022 and 2167 cm™ related to C = C bonding appeared
in both E-beam and VVHP treated 3D printed Marlex samples, and new peaks at 1541 and 1640
cm™ asociated with C = C strech appeared in E-beam treated 3D printed Marlex samples,
shown in figure 4. The mentioned new peaks at 3299, 2022 and 2167 cm™* appeared in E-beam
treated 3D printed Marlex samples, but not in the E-beam treated injection moulded Marlex
samples, shown in figure 5. Figure 6 revealed the chemical bonding in Grilon samples upon
VHP and E-beam processes and no great difference can be found.
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Figure 6: FTIR spectra of Grilon 3D printed samples

Differential scanning calorimetry

DSC was carried out to investigate the thermal characteristics of the test samples. VHP and E-
beam processes did not change the T of any Marlex samples, but reduced the Tc of injection
moulded Marlex samples from 111 °C of reference samples to 108 °C of VHP treated samples
and 105 °C of E-beam treated samples, shown in table 1, figure 7 and 8. In addition, it was
found that injection moulded Marlex samples had higher degree of crystallinity Xc (%) than
3D printed Marlex samples, and the VHP and E-beam processes increased the Xc of 3D printed
Marlex samples from 64 % to 66 % and 83 % respectively, while the VHP and E-beam




processes did not cause a dramatic increase in the injection moulded Marlex samples with 79 %
for pre-sterilization, 83 % after VHP treatment and 81 % after E-beam process. Figure 9
illustrated the DSC curves of the 3D printed Grilon samples. Similarly, the T and T of Grilon
samples remained unchanged at 178 and 220°C respectively, and sterilization processes
increased the percentage of crystallinity slightly, with 72% for reference, 78% for VHP treated

and 76% for E-beam treated 3D printed Grilon samples.
Table 1: DSC results of 3D printed and injection moulded Marlex and Grilon samples upon VHP and E-beam

sterilization
Samples m TC Xc %
Marlex 3D ref 135 109 64
Marlex 3D VHP 133 111 66
Marlex 3D E-beam 133 110 83
Marlex inject ref 135 111 79
Marlex inject VHP 134 108 83
Marlex inject E-beam 134 105 81
Grilon 3D ref 220 178 72
Grilon 3D VHP 222 178 78
Grilon 3D E-beam 221 176 76
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Figure 7: DSC curves of 3D printed Marlex samples
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Figure 8: DSC curves of injection moulded Marlex samples
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Figure 9: DSC curves of 3D printed Grilon samples
Rheometry & Dynamic mechanical thermal analysis
The plastic deformation of all the samples were analysed by rheometry and DMTA. The
complex viscosity, storage modulus and loss modulus of both 3D printed and injection moulded
Marlex and 3D printed Grilon samples increased on both VHP and E-beam sterilization
processes. Compared to VHP, E-beam process resulted in higher complex viscosity, storage
modulus and loss modulus in all three groups, shown in figure 10, 11 and 12.
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Figure 10: Complex viscosity of 3D printed and injection moulded Marlex samples and 3D printed Grilon samples
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Figure 11: Storage modulus of 3D printed and injection moulded Marlex samples and 3D printed Grilon samples
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Figure 12: Loss modulus of 3D printed and injection moulded Marlex samples and 3D printed Grilon samples
Thermogravimetric analysis
The thermal stability of both 3D printed and injection moulded Marlex and 3D printed Grilon
samples was evaluated by TGA. The degradation onset temperature of the injection moulded
Marlex samples was 420 °C, which was higher than that of 3D printed Marlex samples (406



°C), shown in figure 13. VHP or E-beam processes did not affect the degradation onset
temperature of injection moulded Marlex samples, 3D printed Marlex samples and 3D printed
Grilon samples (447°C), shown in figure 13 and 14.
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Figure 13: TGA curves of both 3D printed and injection moulded Marlex samples
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Morphology
No noticeable change (i.e. cracks) was found on the surface of reference, VHP or E-beam

treated samples, according to the SEM images, shown in figure 15.
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. Figur 15: SEM images of 3D printed and injtion moulded Marlex sample and 3Drinted Grilon samples
Mechanical testing
Figure 16 illustrated the tensile test results of 3D printed and injection moulded Marlex
samples. It clearly showed that the injection moulded Marlex samples have higher Young’s
modulus than the 3D printed Marlex samples, but with much lower percentage strain. VHP and
E-beam processes did not cause significant change in Young’s modulus (E) of 3D printed
Marlex (309 + 73 MPa, p = 0.996), injection moulded Marlex (385 + 35 MPa, p = 0.998) or
3D printed Grilon samples (286 + 96 MPa, p = 0.699). Similarly, VHP and E-beam did not
cause significant change in their elongations either, with a percentage strain at maximum of 28
+1.8,18.4 £ 1.7 and 375 + 34 respectively (p = 1 for all comparison).

13
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DISCUSSION

Oxidation occurred to all the samples after VHP and E-beam sterilization treatments, because
all the samples turned yellow post sterilization. The free radicals produced by sterilization
reacted with the oxygen diffusing through the material and caused bleaching of the radical
based colour centres [20]. These free radicals were also responsible for the increasing
hydrophilicity of the material, due to the formation of hydrophilic groups on the material
surface by the radicals [11, 19]. In some cases, the material became opaque as a consequence
of sterilization, but most treated materials changed colour to yellow or brown [9, 10]. In this
study, E-beam treated samples appeared yellower than VHP treated samples, which may
indicate that the E-beam process resulted in more severe oxidation than VHP process.

This can also be proved by FTIR results, where corresponding peaks for oxidation in the range
of 3500 and 3100 cm™ [23] were found in E-beam treated Marlex samples, but not in VHP
treated Marlex samples. FTIR results also revealed that the sterilization processes resulted in
crosslinking. The alkyl and allyl radicals are the predominant free radicals in polyethylene,
which are able to bridge two long molecular chains by forming C - C intermolecular bonds or
cross-linking that enhance the inter-chain interaction. The cross-linking mechanism of
polyethylene involves two main stages. The first stage is the breakdown of the C-H bond on
the polyethylene chains to produce hydrogen gas. The second stage is the free radicals react
and join together to form cross-linking network [24]. Because some of the peaks related to
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crosslinking appeared in the E-beam treated 3D printed Marlex samples but not in the E-beam
treated injection moulded Marlex samples, it might indicate that the injection moulded samples
were more stable than 3D printed samples upon E-beam sterilization process.

The results from DSC also supported that injection moulded samples were more stable than 3D
printed samples upon sterilization processes. The E-beam treatment did not influence the
percentage of crystallinity of injection moulded samples, but increased that of 3D printed
samples dramatically. This can be attributed to the different structures due to the different
manufacturing processes. Injection moulded samples have very tight structure due to the high
pressure during the manufacturing process, while 3D printed samples are loosely packed with
melt droplets. Therefore, there are more voids in 3D printed samples than injection moulded
samples, and the voids allow more intermolecular crosslinking occur upon sterilization
processes. The heavily cross-linked polymer chains in 3D printed samples hindered the
mobility of the chains, resulting in the increase in the percentage of crystallinity [12, 13, 14,
15]. Compared to 3D printed Marlex samples, 3D printed Grilon samples did not display a
dramatic increase in the percentage of crystallinity. The explanation would be that polyamide
6 tends to be stable upon sterilization methods within the limited cycles of sterilization
processes [12,15].

Crosslinking after sterilization was also detected by rehometry and DMTA, where the viscosity,
storage modulus and loss modulus increased after both VHP and E-beam processes. Viscosity
refers to the resistance of the molten polymer to flow; the storage modulus and loss modulus
are energy stored and energy dissipated in the material, when a deformation has been imposed.
Crosslinking caused extra bonding between polymer chains, resulting in a reduction of
molecular chains mobility in the interfacial region, hence causing interfacial stiffness which
consequently increased the viscosity and improved the storage modulus of the material [29].
Yakacki et al. also mentioned that crosslinking of the shape memory polymers after gamma
irradiation hindered the segmental motion of the polymer chains and resulted in the increase in
rubbery modulus of the material [23]. This thermal properties study also revealed that E-beam
treatment resulted in higher viscosity, storage modulus and loss modulus than VHP process,
which indicated that E-beam process leads to more severe crosslinking effect than VHP
treatment.

Despite the oxidation and crosslinking caused by VHP and E-beam treatments, the bulk
properties of the samples were not affected, including thermal stability, mechanical properties
and surface structure. The explanations are: 1) VHP sterilization process usually cause
hydrolytic degradation of the samples, since Marlex and Grilon samples did not absorb
moistures during VHP process, the hydrolytic degradation did not occur. It was reported that
the molecular weight of polylactic acid (PLA) reduced significantly due to hydrolytic
degradation when exposed to VHP treatment, because PLA is hygroscopic [30]; 2) The E-beam
dosage of 30 kGy was not high enough to alternate the bulk properties. With a radiation dosage
from 100 to 150 kGy, the thermal degradation of HDPE occured [31], small cracks were clearly
observed on the surface of HDPE, the tensile strength and elongation at break of HDPE were
increased due to crosslinking [13]. A rougher (flaky/scaly) surface of LDPE subsequent to E-
beam irradiation at 400 kGy due to oxidative degradation was reported [22]. When the
radiation dosage up to 500 kGy, the tensile strength and elongation at break of HDPE reduced
significantly due to chain scission [13]. While polyamide 6 was reported not affected with
single low radiation dosage, but the hardness, tensile strength, flexural strength and impact
resistance of polyamide 6 were improved with the E-beam radiation up to 600 kGy, due to the
increased cross-linking caused by radiation [32]. However, high irradiation dosage is not
recommonded for sterilization purpose, and in general 25 kGy is a typical dose commonly
employed to destroy the microbial load [7].

15



The tensile test results also revealed that the injection moulded Marlex samples had higher
Young’s modulus than the 3D printed Marlex samples, but had much lower percentage strain.
The weaker mechanical properties of 3D printed objects compared to injection moulded objects
can be explained by the layering manufacturing method of the 3D printing technology. The
adhesion between layers or polymer strands plays a critical role in the mechanical properties
of the 3D printed objects. Shaffer et al. reported that by improving the adhesion between
polymer strands the chemical resistance and toughness of the 3D printed objected can be
significantly improved [33]. In addition, the injection moulded Marlex samples had higher
degree of crystallinity than 3D printed Marlex samples detected by DSC. The polymer chains
of the injection moulded Marlex samples were pushed into highly organized structure with high
pressure and cooled down quickly to form the shape, which results in high crystallinity, high
mechanical strength, but low elongation. While the polymer chains of the 3D printed Marlex
samples can move freely and cooled down slowly at room temperature, which results in
relatively low crystallinity, low mechanical strength, but high elongation. This structure
difference between injection moulded and 3D printed samples determined the different
responds to VHP and E-beam processes as discussed above.

CONCLUSION

With the objective to investigate the effects of VHP and E-beam terminal sterilization processes
on the 3D printed objects, this research studied the physical, chemical and thermal properties
of 3D printed and injection moulded Marlex, and 3D printed Grilon samples upon VHP and E-
beam terminal sterilization processes. The main findings were:

1. Oxidation occurred after both VHP and E-beam sterilization. Evidences included the
discoloration and increased wettability due to the free radicals on the surface.

2. Crosslinking was caused by both VHP and E-beam sterilization treatment, evidenced
with free hydroxyl radicals and intermolecular carbon bonding detected by FTIR;
increased viscosity, storage modulus and loss modulus due to crosslinking.

3. E-beam treatment caused more severe oxidation than VHP process. Because the E-
beam process resulted in more severe discoloration than VHP process, and the oxidation
corresponding peaks detected by FTIR in E-beam treated samples, but not in VHP
treated samples.

4. E-beam treatment caused more severe crosslinking than VHP process. Since E-beam
process resulted in higher increase in viscosity, storage modulus and loss modulus than
VHP treatment studied by rheometry and DMTA.

5. The 3D printed samples were less stable than injection moulded samples upon
sterilization processes. Because more crosslinking associated peaks were detected by
FTIR in 3D printed samples than in injection moulded samples, and E-beam process
caused more dramatic increase in the degree of crystallinity of 3D printed samples than
injection moulded samples.

6. Since the 3D printed objects were less stable than traditional manufactured objects,
there may be a need to consider a reduction of sterilization parameters, especially for
E-beam process, provided sterility assurance achieved.

7. Compared to 3D printed samples, the injection moulded samples exhibited higher
tensile strength, higher degree of crystallinity, lower ductility, and higher thermal
stability due to the tightly packed structures caused by injection moulding.

8. All the samples displayed a relatively good resistance to single cycle of VHP and E-
beam process, evidenced with unaffected tensile properties, thermal stability and
surface structure of all the samples.
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