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Figure 24. (a) Global warming potential, (b) abiotic depletion, (c) human toxicity potential of fuel cell
vehicle (FCV), battery electric vehicle (BEV) and internal combustion engine vehicle (ICEV) for the
whole life cycle. Reprinted from [96],© 2020 with permission from Elsevier.

The GWP of the disposal stage was shown negligible for all three technologies, thus according to
the authors FCV showed a significant improvement in the use stage but reducing the environmental
impact associated with its manufacture still represents an important challenge that need to be addressed
in future years.

Di Marcoberardino et al. after designed and tested a novel micro-combined heat and power (CHP)
system based on membrane reactor and PEM fuel cell [97,98] proceeded with their study evaluating
the environmental performance of the system, by using LCA, and the economic assessment to make it
sustainable and cost-effective over its lifetime [99].

In particular, they focused their analysis on aspects such as process intensification and optimized
thermal integration thus trying to reach a reduction of the material requirements, considering also
aspects beside greenhouse gas emissions: water withdrawal, resources depletion, human health.
They compared their innovative FC with a commercial PEM for various residential applications,
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supplied with conventional natural gas from electric grids in two different countries (Italy and
Germany), thus making the assessment as generic as possible. Italy and Germany were chosen to
compare different loads because of the different climate, and different natural gas and electricity costs.
The evaluation was carried out, taking into account the full life cycle needed to provide heat and
electricity (Figure 25), and assigning the functional unit as “provide one, two or 10 German or Italian
dwellings with useful heat and electricity produced by a 5 kWel PEMFC micro-CHP over one year”.
The LCA software used was IMPACT 2002+ v2.2 considering the following indicators: carbon footprint,
resources, impacts on ecosystem quality, water withdrawal and impacts on human health. Among the
results, whilst the impacts on the water withdrawal and human health can be positive or negative
depending on the case, the innovative system undoubtedly reduced the carbon footprint impact, thus
becoming competitive, from an economic point of view.

Figure 25. System boundaries considered for the LCA for the assessment of the steam reformer (SR)
and autothermal reformer membrane reactor (ATR-MR) systems. Reprinted from [99],© 2020 with
permission from Elsevier.

2.7. Various Life-Cycle Assessment (LCA) Applications on Polymers

Given the specific applications we have seen in the above reported sections, in general in the last
decade LCA has been applied to explore new design routes, processes and final treatment of polymer
or polymer-based materials. The main goals that the authors addressed in the last paragraph was the
reduction of the environmental impacts, proposing a different strategy, by the help of LCA, compared
with the standard one. Bio-based polymeric materials in particular have attracted the attention of those
researchers aiming at improving their environmental performance.

La Rosa et al., by means of LCA, explored the possibility of improving the eco efficiency of glass
fibre composite materials to be applied on a pipe system used to transport cooling sea water in a
Sicilian petrochemical company [100]. In order to replace part of the conventional fibres with hemp
mats a comparative LCA was performed on two different elbow-fittings made of glass fibre/thermoset
composite and hybrid (glass fibre-hemp)/thermoset composite, respectively. The study was carried out
from cradle to grave by considering as FU one elbow fitting used in the chemical plant pipeline, with
an estimated life of 20 years and using data collected from the process as primary and the Ecoinvent
v2.2 database for the secondary ones. They found an increase of the eco-efficiency for the hemp
mat-reinforced composites, particularly during the production phase due to the ‘green’ origin of the
hemp mat. The same authors, by using the Simapro 7.2 software, carried out a cradle-to-manufacture
study in order to compare the production of an eco-sandwich panel containing cork, hemp and
bio-based epoxy resin as natural materials with respect to a traditional sandwich made of epoxy resin
and polyurethane/glass-fibers [101]. Aiming at evaluating the environmental impacts related to their
production, they settled on an eco-sandwich panel sized (0.400 × 0.400 × 0.02 m) as FU (Figure 26).
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Figure 26. Eco-sandwich with core in granulated cork and skins in hemp/bio-resin. Reprinted from [101],
© 2020 with permission from Elsevier.

LCA results showed a good improvement in terms of environmental impacts and energy use
compared with the petroleum-based products, despite the major contributions to the impact (in both
cases, eco-sandwich and traditional sandwich) being due to the use of epoxy resin (environmental
impact up to >85%).

Lettieri et al., in the direction of a greening of the epoxy based materials, carried out a cradle to
gate study comparing bacterial cellulose (BC)- and nanofibrillated cellulose (NFC)-reinforced epoxy
composites with PLA and 30 wt.-% randomly oriented GFR/PP composites [102].

They assumed 1 kg of NFC-reinforced epoxy composite as FU and used version 6 of the
GaBi software. The adopted model, developed by the Centre for Environmental Science in Leiden
University [103], in order to minimize uncertainties provided midpoint indicators to model the effects
of substances on the environment at an early stage (also known as the problem-oriented approach).
Their research highlighted good mechanical properties for the proposed systems with respect to neat
PLA, but in the meantime a higher GWP and abiotic depletion potential of fossil fuels of BC- and
NFC-reinforced epoxy composites. They observed that by enlarging the boundaries to the grave
(Figure 27) and increasing the nanocellulose content up to 60%, the GWP and abiotic depletion potential
of the innovative composites could be lower than neat PLA, suggesting higher nanocellulose loading
to reach the desired “greener credentials”.

Figure 27. Schematic diagram showing the system boundaries of the model representing the life cycle
of bacterial cellulose (BC-) and nanofibrillated cellulose (NFC)-reinforced polymer composites (left),
and PLA and glass-fibre/polypropylene (GF/PP) composite (right). The red, blue and green arrows
represent consumables or raw materials required, energy input and waste (materials and energy),
respectively. Reprinted from [102],© 2020 with permission from Elsevier.
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A couple of years since their first studies, La Rosa et al., continuing LCA investigations on
epoxies, proposed the idea of the recyclable composites production by engineering a commercial
amine-based epoxy curing agent. After the manufacturing and the chemical characterization of this
CF/epoxy composites, they evaluated the environmental impacts associated with the recyclability
of the thermoset composite [104]. Thus aiming at highlighting the benefits of using Recyclamines®

in the production of structural fibre reinforced composites. The Ecoinvent database was used for
the data and a CF/thermoset panel, manufactured through high-pressure (HP) RTM and chemically
treated in order to recover clean CFs as well as an epoxy thermoplastic, was designed as FU. The first
LCA results showed the environmental advantages in recovering clean CFs as well as a thermoplastic
polymer that can be reused and re-processed. In a further study, they tested the efficacy of the recycling
process, developed by Connora Technologies (Hayward, CA, USA), at the plant level, highlighting
the great innovation introduced by Connora Technologies that induced the conversion of thermosets
into thermoplastics [105]. The research group at the University of Catania obtained a series of LCA
results, demonstrating a very low environmental impact associated with the process and the avoiding
of furthermore impacts due to the recovery of the epoxy-composite constituents (fibres and matrix).

People working in manufacturing are always searching for new materials and process optimization
to guarantee quality and safety standards. Gagliardi et al. focused their research on the evaluation of
the impacts associated with the different joining processes (i.e., mechanical, thermal and chemical)
involved in the assembling of materials, with particular regard to the hybrid ones [106]. They carried
out cradle-to-gate and cradle-to-grave analyses but not considering the use phase and focusing mainly
in the recycling aspects. In the first part of the study, the energy consumption and CO2 emissions of
the investigated processes, showed the best environmental performance for the mechanical fastening
performed by bolts. When they enlarged the boundaries, considering the recycling, the adhesive
bonding and ultrasonic spot welding became environmentally friendly as well.

The lowering of the environmental impacts and toxicity for human health in the design and
production of materials for X-ray shielding applications was explored by Milanesio et al. [107], who
proposed a new epoxy based composites filled with barium sulfate and bismuth oxide instead of the
traditional screens made of lead and steel. The low-cost lightweight shielding composite materials
was tested by LCA, from cradle to gate, by using openLCA 1.9 and the Ecoinvent 3.5 database.
The proposed new epoxy-based panel performed better than both the traditional panels, in terms of
GW and particulate formation with respect to the lead one and in terms of human health with respect
to the steel one (Figure 28).
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Figure 28. The histogram showing the relative impacts for the main and most reliable factors studied.
Data were normalized to the maximum value for a rapid evaluation of the advantages and disadvantages
of each material. Green bars refer to the impacts calculated for lead, red bars for the composite samples
and blue bars are referred to steel impacts. Reprinted from [107].

3. Future Outlooks

The fair amount of works analyzed in this review allowed the authors to understand not only that
in Italy are LCA applications held in high regard, but, also, to draw considerations and look at the
multitude of perspectives that LCA can offer to different sectors dealing with the design, production,
marketing and final treatment of polymeric materials. As regards food packaging, the most investigated
sector in Italy for number of manuscripts, application of LCA was double addressed. On the one hand,
towards the aspects inherent the final treatment of the plastic materials to mitigate, or completely
remove, the dispersion of the packaging in the environment, and on the other hand to replace the raw
material to make it free from oil derivation. In the next few years, the authors expect a growing interest
in the first of the two aspects, aiming at reducing the persistence of packaging in the environment.
As far as they are concerned, the authors will continue working in this field of research by evaluating
the relevant environmental impacts, and the consequential damages, that are associated with naturally
derived polymers with high barrier properties for optimal food conservation levels.

Furthermore, agriculture is a very sensible research area, especially in Mediterranean regions,
like Sicily, where there is a massive consumption of plastic materials for different purposes, from
mulching to greenhouse covers, through irrigation systems. Despite this, the authors found that
very little has been done thus far at the environmental level compared with the other areas reviewed.
This stimulates expansion of research on the subject to contribute to greening not only plastics’ life
cycles but also the agricultural systems where those plastics’ are utilized. With regard to this point,
this paper’s team of authors intend to co-work in the direction of developing and testing innovative
plastic formulations that are compatible with the soil and/or enable improving its properties, in order
to find the truly feasible ones. Experimental research will then be complemented with LCA to validate
those formulations from an environmental perspective.

Similarly, in the building sector, new concrete formulations can be designed using recycled plastics,
without compromising the structural properties of the artefact.

The review highlighted LCA to be an irreplaceable tool being able to couple economic,
environmental and performance considerations thus leading to discovery of the most high-performing
solution or, at least, the viable trade-off.
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Last but not least the automotive sector is historically a very important sector of the Italian economy.
Here, LCA practitioners can indulge themselves, both for the innumerable polymeric components to
be studied and for the possibility of extending or restricting the boundaries, consequently focusing
upon an impact category rather than another one. In this regard it is worth making a consideration to
pay due attention to comparing scenarios that are likely to be similar but which can, instead, show big
differences just by expanding the investigated field.

4. Conclusions

In the framework of the environmental impact assessments, in the last years, LCA has emerged as a
valuable decision-support tool for decision-makers, in both political and industrial areas. Consequently,
LCA has assumed over the years a key role as a tool for identifying cradle-to-grave impacts of products
in a multitude of sectors: among them, polymers is one of the most investigated, considering the
uncountable number of disparate applications.

Through this literature review, the authors achieved their goal of reviewing and building upon
LCAs in the Italian polymeric sector, to highlight the most relevant environmental issues.

It was found that LCA was used in the majority of those sectors where plastic products are
utilized, namely:

- agriculture;
- food production and packaging;
- automotive;
- concrete-polymeric materials;
- geopolymers;
- polymeric materials in fuel cells.

In each sector and for each application, the Italian researchers proposed, on the basis of LCA
results, sometimes from the cradle to the grave and at other times from the cradle to the gate, the best
solution to minimize the environmental impact and ensure a viable choice also from an economic point
of view. Food production and packaging resulted the most studied sector with LCA, but in all the
other sectors we recorded increasing attention on the whole polymer’s life cycle and the need to show
its sustainability.

Author Contributions: I.B., C.I. and V.S. planned, organized and wrote the paper. All authors have read and
agreed to the published version of the manuscript.

Funding: Ignazio Blanco is grateful to the University of Catania for supporting this research within the
“Bando-CHANCE” and to the Department of Civil Engineering and Architecture within “Piano per la Ricerca
2016–2018–Linea Intervento 1 and 2”.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Walker, S.; Rothman, R. Life cycle assessment of bio-based and fossil-based plastic: A review. J. Clean. Prod.
2020, 261, 121158. [CrossRef]

2. Riggi, E.; Santagata, G.; Malinconico, M. Bio-based and biodegradable plastics for use in crop production.
Recent Patents Food, Nutr. Agric. 2011, 3, 49–63. [CrossRef] [PubMed]

3. Ingrao, C.; Tricase, C.; Cholewa-Wójcik, A.; Kawecka, A.; Rana, R.L.; Siracusa, V. Polylactic acid trays for
fresh-food packaging: A Carbon Footprint assessment. Sci. Total Environ. 2015, 537, 385–398. [CrossRef]
[PubMed]

4. PlasticsEurope, 2019. Plastics—The Facts 2019. An Analysis of European Plastics Production, Demand and
Waste Data. Available online: https://www.plasticseurope.org/application/files/9715/7129/9584/FINAL_web_
version_Plastics_the_facts2019_14102019.pdf (accessed on 20 April 2020).

5. Licciardello, F. Packaging, blessing in disguise. Review on its diverse contribution to food sustainability.
Trends Food Sci. Technol. 2017, 65, 32–39. [CrossRef]

359



Polymers 2020, 12, 1212

6. Ingrao, C.; Giudice, A.L.; Bacenetti, J.; Khaneghah, A.M.; Sant’Ana, A.S.; Rana, R.L.; Siracusa, V.;
Sant’Ana, A.D.S. Foamy polystyrene trays for fresh-meat packaging: Life-cycle inventory data collection and
environmental impact assessment. Food Res. Int. 2015, 76, 418–426. [CrossRef]

7. Siracusa, V.; Blanco, I.; Romani, S.; Tylewicz, U.; Dalla Rosa, M. Gas Permeability and Thermal Behavior of
Polypropylene Films Used for Packaging Minimally Processed Fresh-Cut Potatoes: A Case Study. J. Food Sci.
2012, 77, E264–E272. [CrossRef]

8. Ingrao, C.; Siracusa, V. Quality—And sustainability—Related issues associated with biopolymers for
food packaging applications: A comprehensive review. In Biodegradable and Biocompatible Polymer
Composites—Processing, Properties and Applications. Woodhead Publishing; Shimpi, N.G., Ed.; Elsevier:
Amsterdam, The Netherlands, 2017; pp. 401–418; ISBN 9780081009703.

9. Scarascia-Mugnozza, G.; Sica, C.; Russo, G. Plastic materials in european agriculture: actual use and
perspectives. J. Agric. Eng. 2012, 42, 15–28. [CrossRef]

10. Kijchavengkul, T.; Auras, R.; Rubino, M.; Ngouajio, M.; Fernandez, R.T. Assessment of aliphatic–aromatic
copolyester biodegradable mulch films. Part I: Field study. Chemosphere 2008, 71, 942–953. [CrossRef]

11. Picuno, P.; Sica, C.; Laviano, R.; Dimitrijevic, A.; Scarascia-Mugnozza, G. Experimental tests and technical
characteristics of regenerated films from agricultural plastics. Polym. Degrad. Stab. 2012, 97, 1654–1661.
[CrossRef]

12. Cascone, S.; Ingrao, C.; Valenti, F.; Porto, S.M. Energy and environmental assessment of plastic granule
production from recycled greenhouse covering films in a circular economy perspective. J. Environ. Manag.
2019, 254, 109796. [CrossRef]

13. Scarascia-Mugnozza, G.; Sica, C.; Picuno, P. The optimisation of the management of agricultural plastic
waste in italy using a geographical information system. Acta Hortic. 2008, 801, 219–226. [CrossRef]

14. Leceta, I.; Guerrero, P.; Cabezudo, S.; De La Caba, K. Environmental assessment of chitosan-based films.
J. Clean. Prod. 2013, 41, 312–318. [CrossRef]

15. Bertolini, M.; Bottani, E.; Vignali, G.; Volpi, A. Comparative Life Cycle Assessment of Packaging Systems for
Extended Shelf Life Milk. Packag. Technol. Sci. 2016, 29, 525–546. [CrossRef]

16. Ingrao, C.; Gigli, M.; Siracusa, V. An attributional Life Cycle Assessment application experience to highlight
environmental hotspots in the production of foamy polylactic acid trays for fresh-food packaging usage.
J. Clean. Prod. 2017, 150, 93–103. [CrossRef]

17. Parlato, M.C.M.; Valenti, F.; Porto, S.M.C. Covering plastic films in greenhouses system: A GIS-based model
to improve post use sustainable management. J. Environ. Manag. 2020, 263, 110389. [CrossRef] [PubMed]

18. Blanco, I.; Abate, L.; Antonelli, M.L. The regression of isothermal thermogravimetric data to evaluate
degradation Ea values of polymers: A comparison with literature methods and an evaluation of lifetime
prediction reliability. Polym. Degrad. Stab. 2011, 96, 1947–1954. [CrossRef]

19. Blanco, I. End-life prediction of commercial PLA used for food packaging through short term TGA
experiments: Real chance or low reliability? Chin. J. Polym. Sci. 2014, 32, 681–689. [CrossRef]

20. Blanco, I. Lifetime prediction of food and beverage packaging wastes. J. Therm. Anal. Calorim. 2015, 125,
809–816. [CrossRef]

21. Blanco, I. Lifetime Prediction of Polymers: To Bet, or Not to Bet—Is This the Question? Materials 2018, 11,
1383. [CrossRef]

22. Moore, C.J. Synthetic polymers in the marine environment: A rapidly increasing, long-term threat.
Environ. Res. 2008, 108, 131–139. [CrossRef]

23. Sukan, A.; Roy, I.; Keshavarz, T. Dual production of biopolymers from bacteria. Carbohydr. Polym. 2015, 126,
47–51. [CrossRef] [PubMed]

24. Ingrao, C.; Bacenetti, J.; Bezama, A.; Blok, V.; Goglio, P.; Koukios, E.G.; Lindner, M.; Nemecek, T.; Siracusa, V.;
Zabaniotou, A.; et al. The potential roles of bio-economy in the transition to equitable, sustainable, post
fossil-carbon societies: Findings from this virtual special issue. J. Clean. Prod. 2018, 204, 471–488. [CrossRef]

25. Dassisti, M.; Intini, F.; Chimienti, M.; Starace, G. Thermography-enhanced LCA (Life Cycle Assessment)
for manufacturing sustainability assessment. The case study of an HDPE (High Density Polyethylene) net
company in Italy. Energy 2016, 108, 7–18. [CrossRef]

26. ISO (International Organization for Standardization). 2006. ISO 14040:2006–Environmental
Management—Life Cycle Assessment—Principles and Framework (2006).

360



Polymers 2020, 12, 1212

27. ISO (International Organization for Standardization), 2006. ISO 14044: 2006–Environmental
Management—Life Cycle Assessment—Requirements and Guidelines (2006).

28. Henton, D.; Gruber, P.; Lunt, J.; Randall, J. Polylactic Acid Technology. In Natural Fibers, Biopolymers, and
Biocomposites; Mohanty, A.K., Misra, M., Drzal, L.T., Eds.; CRC Press: Boca Raton, FL, USA, 2005; pp. 527–577.

29. Jeswani, H.K.; Azapagic, A.; Schepelmann, P.; Ritthoff, M. Options for broadening and deepening the LCA
approaches. J. Clean. Prod. 2010, 18, 120–127. [CrossRef]

30. European Commission (EC)—Joint Research Centre (JRC)—Institute for Environment and Sustainability (IES).
International Reference Life Cycle Data System (ILCD) Handbook—General guide for Life Cycle Assessment—Detailed
Guidance, 1st ed.; Publications Office of the European Union: Luxembourg, 2010. [CrossRef]

31. Madival, S.; Auras, R.; Singh, S.P.; Narayan, R. Assessment of the environmental profile of PLA, PET and PS
clamshell containers using LCA methodology. J. Clean. Prod. 2009, 17, 1183–1194. [CrossRef]

32. Siracusa, V.; Rocculi, P.; Romani, S.; Rosa, M.D. Biodegradable polymers for food packaging: A review.
Trends Food Sci. Technol. 2008, 19, 634–643. [CrossRef]

33. European Bioplastics. Available online: www.european-bioplastics.org (accessed on 20 April 2020).
34. Sorrentino, A.; Gorrasi, G.; Vittoria, V. Potential perspectives of bio-nanocomposites for food packaging

applications. Trends Food Sci. Technol. 2007, 18, 84–95. [CrossRef]
35. Kirwan, M.J.; Plant, S.; Strawbridge, J.W. Plastics in Food Packaging. Food Beverage Packag. Technol. 2011, 7,

157–212. [CrossRef]
36. Bohlmann, G.M. Biodegradable packaging life-cycle assessment. Environ. Prog. 2004, 23, 342–346. [CrossRef]
37. Costa, D.; Quinteiro, P.; Dias, A. A systematic review of life cycle sustainability assessment: Current state,

methodological challenges, and implementation issues. Sci. Total Environ. 2019, 686, 774–787. [CrossRef]
38. Gomes, T.S.; Visconte, L.L.Y.; Pacheco, E.B.A.V. Life Cycle Assessment of Polyethylene Terephthalate

Packaging: An Overview. J. Polym. Environ. 2019, 27, 533–548. [CrossRef]
39. Vink, E.T.; Rábago, K.R.; Glassner, D.; Gruber, P.R. Applications of life cycle assessment to NatureWorks™

polylactide (PLA) production. Polym. Degrad. Stab. 2003, 80, 403–419. [CrossRef]
40. Gironi, F.; Piemonte, V. Bioplastics disposal: How to manage it. Waste Manag. 2010 2010, 140, 261–271.

[CrossRef]
41. Gironi, F.; Piemonte, V. Life cycle assessment of polylactic acid and polyethylene terephthalate bottles for

drinking water. Environ. Prog. Sustain. Energy 2010, 30, 459–468. [CrossRef]
42. Piemonte, V. Bioplastic Wastes: The Best Final Disposition for Energy Saving. J. Polym. Environ. 2011, 19,

988–994. [CrossRef]
43. Toniolo, S.; Mazzi, A.; Niero, M.; Zuliani, F.; Scipioni, A. Comparative LCA to evaluate how much recycling

is environmentally favourable for food packaging. Resour. Conserv. Recycl. 2013, 77, 61–68. [CrossRef]
44. Toniolo, S.; Mazzi, A.; Pieretto, C.; Scipioni, A. Allocation strategies in comparative life cycle assessment for

recycling: Considerations from case studies. Resour. Conserv. Recycl. 2017, 117, 249–261. [CrossRef]
45. Siracusa, V.; Ingrao, C.; Giudice, A.L.; Mbohwa, C.; Rosa, M.D. Environmental assessment of a multilayer

polymer bag for food packaging and preservation: An LCA approach. Food Res. Int. 2014, 62, 151–161.
[CrossRef]

46. Accorsi, R.; Cascini, A.; Cholette, S.; Manzini, R.; Mora, C. Economic and environmental assessment of
reusable plastic containers: A food catering supply chain case study. Int. J. Prod. Econ. 2014, 152, 88–101.
[CrossRef]

47. Zampori, L.; Dotelli, G. Design of a sustainable packaging in the food sector by applying LCA. Int. J. Life
Cycle Assess. 2013, 19, 206–217. [CrossRef]

48. Conte, A.; Cappelletti, G.M.; Nicoletti, G.; Russo, C.; Del Nobile, M. Environmental implications of food loss
probability in packaging design. Food Res. Int. 2015, 78, 11–17. [CrossRef] [PubMed]

49. Accorsi, R.; Versari, L.; Manzini, R. Glass vs. Plastic: Life Cycle Assessment of Extra-Virgin Olive Oil Bottles
across Global Supply Chains. Sustainability 2015, 7, 2818–2840. [CrossRef]

50. Gutierrez, M.M.; Meleddu, M.; Piga, A. Food losses, shelf life extension and environmental impact of a
packaged cheesecake: A life cycle assessment. Food Res. Int. 2017, 91, 124–132. [CrossRef] [PubMed]

51. Cinelli, P.; Coltelli, M.B.; Mallegni, N.; Morganti, P.; Lazzeri, A. Degradability and Sustainability of
Nanocomposites Based on Polylactic Acid and Chitin Nano Fibrils. Chem. Eng. Trans. 2017, 60, 115–120.

361



Polymers 2020, 12, 1212

52. Petrucci, R.; Fortunati, E.; Puglia, D.; Luzi, F.; Kenny, J.M.; Torre, L. Life Cycle Analysis of Extruded Films
Based on Poly(lactic acid)/Cellulose Nanocrystal/Limonene: A Comparative Study with ATBC Plasticized
PLA/OMMT Systems. J. Polym. Environ. 2017, 26, 1891–1902. [CrossRef]

53. Blanc, S.; Massaglia, S.; Brun, F.; Peano, C.; Mosso, A.; Giuggioli, N.R. Use of Bio-Based Plastics in the
Fruit Supply Chain: An Integrated Approach to Assess Environmental, Economic, and Social Sustainability.
Sustainability 2019, 11, 2475. [CrossRef]

54. Giovenzana, V.; Casson, A.; Beghi, R.; Tugnolo, A.; Grassi, S.; Alamprese, C.; Casiraghi, E.; Farris, S.;
Fiorindo, I.; Guidetti, R. Environmental Benefits: Traditional Vs Innovative Packaging for Olive Oil.
Chem. Eng. Trans. 2019, 75, 193–198.

55. Ferrara, C.; De Feo, G. Comparative life cycle assessment of alternative systems for wine packaging in Italy.
J. Cleaner Prod. 2020, 259, 120888. [CrossRef]

56. Cleary, J. Life cycle assessments of wine and spirit packaging at the product and the municipal scale:
A Toronto, Canada case study. J. Clean. Prod. 2013, 44, 143–151. [CrossRef]

57. Shen, L.; Haufe, J.; Patel, M.K. Product Overview and Market Projection of Emerging Bio-Based Plastics; Pro-Bip
2009 Final Report; Utrecht University: Utrecht, The Netherlands, 2009; Volume 245.

58. Schettini, E.; Sartore, L.; Barbaglio, M.; Vox, G. Hydrolyzed protein based materials for biodegradable spray
mulching coatings. Acta Hortic. 2012, 17, 359–366. [CrossRef]

59. Gorgitano, M.T.; Pirilli, M. Life cycle economic and environmental assessment for a greening agriculture.
Qual. Access Success 2016, 17, 181–185.

60. Russo, G.; Scarascia-Mugnozza, G. lca methodology applied to various typology of greenhouses. Acta Hortic.
2005, 837–844. [CrossRef]

61. Report of the European Commission on Internal Market, Industry, Entrepreneurship and SMEs. Available
online: https://ec.europa.eu/growth/sectors/automotive_en (accessed on 3 April 2020).

62. Miller, L.; Soulliere, K.; Sawyer-Beaulieu, S.; Tseng, S.; Tam, E.K.L. Challenges and Alternatives to Plastics
Recycling in the Automotive Sector. Materials 2014, 7, 5883–5902. [CrossRef] [PubMed]

63. Koplin, J.; Seuring, S.; Mesterharm, M. Incorporating sustainability into supply management in the automotive
industry e the case of the Volkswagen AG. J. Clean. Prod. 2007, 15, 1053–1062. [CrossRef]

64. Passarini, F.; Ciacci, L.; Santini, A.; Vassura, I.; Morselli, L. Auto shredder residue LCA: Implications of ASR
composition evolution. J. Clean. Prod. 2012, 23, 28–36. [CrossRef]

65. D’Errico, F.; Ranza, L. Comparative Environmental Benefits of Lightweight Design in the Automotive Sector:
The Case Study of Recycled Magnesium Against CFRP and Steel. In Magnesium Technology 2015; Manuel, M.V.,
Singh, A., Alderman, M., Neelameggham, N.R., Eds.; Springer: Berlin/Heidelberg, Germany, 2015.

66. Ingarao, G.; Deng, Y.; Marino, R.; Di Lorenzo, R.; Franco, A.L. Energy and CO 2 life cycle inventory issues for
aluminum based components: The case study of a high speed train window panel. J. Clean. Prod. 2016, 126,
493–503. [CrossRef]

67. Hunkeler, D.; Lichtenvort, K.; Rebitzer, G.; Ciroth, A.; SETAC-Europe (Eds.) Environmental Life Cycle
Costing. In ISO 14040, 2006. Environmental Management e Life Cycle Assessment e Principles and Framework;
SETAC; CRC Press: Boca Raton, FL, USA, 2008; ISBN 978-1-880611-83-8.

68. Delogu, M.; Zanchi, L.; Maltese, S.; Bonoli, A.; Pierini, M. Environmental and economic life cycle assessment
of a lightweight solution for an automotive component: A comparison between talc-filled and hollow glass
microspheres-reinforced polymer composites. J. Clean. Prod. 2016, 139, 548–560. [CrossRef]

69. Delogu, M.; Zanchi, L.; Dattilo, C.A.; Maltese, S.; Riccomagno, R.; Pierini, M. Take-Home Messages from the
Applications of Life Cycle Assessment on Lightweight Automotive Components. SAE Tech. Paper Ser. 2018,
80, 352–357. [CrossRef]

70. Vita, A.; Castorani, V.; Germani, M.; Marconi, M. Comparative life cycle assessment of low-pressure
RTM, compression RTM and high-pressure RTM manufacturing processes to produce CFRP car hoods.
Procedia CIRP 2019, 80, 352–357. [CrossRef]

71. Deng, Y.; Guo, Y.; Wu, P.; Ingarao, G. Optimal design of flax fiber reinforced polymer composite as a
lightweight component for automobiles from a life cycle assessment perspective. J. Ind. Ecol. 2019, 23,
986–997. [CrossRef]

72. Lee, J.-Y.; Kim, T.-Y.; Kim, T.-J.; Yi, C.-K.; Park, J.-S.; You, Y.-C.; Park, Y.-H. Interfacial bond strength of glass
fiber reinforced polymer bars in high-strength concrete. Compos. Part B Eng. 2008, 39, 258–270. [CrossRef]

362



Polymers 2020, 12, 1212

73. Pour, S.M.; Alam, M.; Milani, A.S. Improved Bond Equations for Fiber-Reinforced Polymer Bars in Concrete.
Materials 2016, 9, 737. [CrossRef] [PubMed]

74. Redaelli, E.; Arrigoni, A.; Carsana, M.; Dotelli, G.; Gastaldi, M.; Lollini, F.; Bertola, F.; Canonico, F.; Nanni, A.
Culvert Prototype Made with Seawater Concrete: Materials Characterization, Monitoring, and Environmental
Impact. Adv. Civ. Eng. Mater. 2019, 8, 787–802. [CrossRef]

75. Cadenazzi, T.; Dotelli, G.; Rossini, M.; Nolan, S.; Nanni, A. Cost and environmental analyses of reinforcement
alternatives for a concrete bridge. Struct. Infrastruct. Eng. 2019, 16, 787–802. [CrossRef]

76. Cadenazzi, T.; Dotelli, G.; Rossini, M.; Nolan, S.; Nanni, A. Life-Cycle Cost and Life-Cycle Assessment
Analysis at the Design Stage of a Fiber-Reinforced Polymer-Reinforced Concrete Bridge in Florida. Adv. Civ.
Eng. Mater. 2019, 8, 89–94. [CrossRef]

77. Russo, S.; Ippolito, I.; Bergamo, C. FRP Pultruded Material as Reinforcement for Masonry: Expected
Interaction in the Medium and Long Time. Key Eng. Mater. 2019, 817, 89–94. [CrossRef]

78. Puccini, M.; Leandri, P.; Tasca, A.L.; Pistonesi, L.; Losa, M. Improving the Environmental Sustainability of
Low Noise Pavements: Comparative Life Cycle Assessment of Reclaimed Asphalt and Crumb Rubber Based
Warm Mix Technologies. Coatings 2019, 9, 343. [CrossRef]

79. Benhelal, E.; Zahedi, G.; Shamsaei, E.; Bahadori, A. Global strategies and potentials to curb CO2 emissions in
cement industry. J. Clean. Prod. 2013, 51, 142–161. [CrossRef]

80. Davidovits, J. Geopolymers. J. Therm. Anal. 1991, 37, 1633–1656. [CrossRef]
81. Messina, F.; Ferone, C.; Colangelo, F.; Cioffi, R. Low temperature alkaline activation of weathered fly ash:

Influence of mineral admixtures on early age performance. Constr. Build. Mater. 2015, 86, 169–177. [CrossRef]
82. Molino, B.; Vincenzo, A.; Ferone, C.; Messina, F.; Colangelo, F.; Cioffi, R. Recycling of Clay Sediments for

Geopolymer Binder Production. A New Perspective for Reservoir Management in the Framework of Italian
Legislation: The Occhito Reservoir Case Study. Materials 2014, 7, 5603–5616. [CrossRef] [PubMed]

83. Catauro, M.; Tranquillo, E.; Barrino, F.; Poggetto, G.D.; Blanco, I.; Cicala, G.; Ognibene, G.; Recca, G.
Mechanical and thermal properties of fly ash-filled geopolymers. J. Therm. Anal. Calorim. 2019, 138,
3267–3276. [CrossRef]

84. Blanco, I.; Poggetto, G.D.; Morrone, B.; Tranquillo, E.; Barrino, F.; Catauro, M. Fly Ash Filled Geopolymers:
Preparation and Thermal Study. Macromol. Symp. 2020, 389, 1699–1708. [CrossRef]

85. Petrillo, A.; Cioffi, R.; De Felice, F.; Colangelo, F.; Borrelli, C. An environmental evaluation: A comparison
between geopolymer and OPC concrete paving blocks manufacturing process in Italy. Environ. Prog.
Sustain. Energy 2016, 35, 1699–1708. [CrossRef]

86. Pozzo, A.D.; Carabba, L.; Bignozzi, M.C.; Tugnoli, A. Life cycle assessment of a geopolymer mixture for
fireproofing applications. Int. J. Life Cycle Assess. 2019, 24, 1743–1757. [CrossRef]

87. Kamseu, E.; Ceron, B.; Tobias, H.; Leonelli, E.; Bignozzi, M.; Muscio, A.; Libbra, A. Insulating behavior of
metakaolin-based geopolymer materials assess with heat flux meter and laser flash techniques. J. Therm.
Anal. Calorim. 2011, 108, 1189–1199. [CrossRef]

88. Ricciotti, L.; Occhicone, A.; Petrillo, A.; Ferone, C.; Cioffi, R.; Roviello, G. Geopolymer-based hybrid foams:
Lightweight materials from a sustainable production process. J. Clean. Prod. 2020, 250, 119588. [CrossRef]

89. Pollet, B.G.; Staffell, I.; Shang, J. Current status of hybrid, battery and fuel cell electric vehicles: From
electrochemistry to market prospects. Electrochim. Acta 2012, 84, 235–249. [CrossRef]

90. Miotti, M.; Hofer, J.; Bauer, C. Integrated environmental and economic assessment of current and future fuel
cell vehicles. Int. J. Life Cycle Assess. 2015, 22, 94–110. [CrossRef]

91. Hill, N.; Brannigan, C.; Wynn, D.; Milnes, R.; van Essen, H.; den Boer, E.; van Grinsven, A.; Ligthart, T.;
van Gijlswijk, R. The Role of GHG Emissions from Infrastructure Construction, Vehicle Manufacturing,
and ELVs in Overall Transport Sector Emissions. Task 2 Paper Produced as Part of a Contract between
European Commission Directorate-General Climate Action and AEA Technology plc. Available online:
www.eutransportghg2050.eu (accessed on 20 April 2020).

92. EPA Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990–2012. Available online: https://
www.epa.gov/ghgemissions/inventory-us-greenhouse-gas-emissions-and-sinks-1990-2012 (accessed on
20 April 2020).

93. Broers, G.H.J.; Ketelaar, J.A.A. High Temperature Fuel Cells. Ind. Eng. Chem. 1960, 52, 303–306. [CrossRef]
94. Cairns, E.J.; Douglas, D.L.; Niedrach, L.W. Performance of fractional watt ion exchange membrane fuel cells.

AIChE J. 1961, 7, 551–558. [CrossRef]

363



Polymers 2020, 12, 1212

95. Thomas, C. Fuel cell and battery electric vehicles compared. Int. J. Hydrogen Energy 2009, 34, 6005–6020.
[CrossRef]

96. Evangelisti, S.; Tagliaferri, C.; Brett, D.J.; Lettieri, P. Life cycle assessment of a polymer electrolyte membrane
fuel cell system for passenger vehicles. J. Clean. Prod. 2017, 142, 4339–4355. [CrossRef]

97. Di Marcoberardino, G.; Roses, L.; Manzolini, G. Technical assessment of a micro-cogeneration system based
on polymer electrolyte membrane fuel cell and fluidized bed autothermal reformer. Appl. Energy 2016, 162,
231–244. [CrossRef]

98. Di Marcoberardino, G.; Manzolini, G. Investigation of a 5 kW micro-CHP PEM fuel cell based system
integrated with membrane reactor under diverse EU natural gas quality. Int. J. Hydrogen Energy 2017, 42,
13988–14002. [CrossRef]

99. Di Marcoberardino, G.; Manzolini, G.; Guignard, C.; Magaud, V. Optimization of a micro-CHP system based
on polymer electrolyte membrane fuel cell and membrane reactor from economic and life cycle assessment
point of view. Chem. Eng. Process. Process. Intensif. 2018, 131, 70–83. [CrossRef]

100. La Rosa, A.D.; Cozzo, G.; Latteri, A.; Recca, A.; Bjorklund, A.; Parrinello, E.; Cicala, G. Life cycle assessment
of a novel hybrid glass-hemp/thermoset composite. J. Clean. Prod. 2013, 44, 69–76. [CrossRef]

101. La Rosa, A.D.; Recca, G.; Summerscales, J.; Latteri, A.; Cozzo, G.; Cicala, G. Bio-based versus traditional
polymer composites. A life cycle assessment perspective. J. Clean. Prod. 2014, 74, 135–144. [CrossRef]

102. Hervy, M.; Evangelisti, S.; Lettieri, P.; Lee, K.-Y. Life cycle assessment of nanocellulose-reinforced advanced
fibre composites. Compos. Sci. Technol. 2015, 118, 154–162. [CrossRef]

103. Guinée, J. Handbook on life cycle assessment—Operational guide to the ISO standards. Int. J. Life Cycle Assess.
2001, 6, 255. [CrossRef]

104. La Rosa, A.D.; Banatao, D.; Pastine, S.; Latteri, A.; Cicala, G. Recycling treatment of carbon fibre/epoxy
composites: Materials recovery and characterization and environmental impacts through life cycle assessment.
Compos. Part B Eng. 2016, 104, 17–25. [CrossRef]

105. La Rosa, A.D.; Blanco, I.; Banatao, D.R.; Pastine, S.J.; Björklund, A.; Cicala, G. Innovative Chemical Process
for Recycling Thermosets Cured with Recyclamines® by Converting Bio-Epoxy Composites in Reusable
Thermoplastic—An LCA Study. Materials 2018, 11, 353. [CrossRef] [PubMed]

106. Gagliardi, F.; Palaia, D.; Ambrogio, G. Energy consumption and CO2 emissions of joining processes for
manufacturing hybrid structures. J. Clean. Prod. 2019, 228, 425–436. [CrossRef]

107. Lopresti, M.; Alberto, G.; Cantamessa, S.; Cantino, G.; Conterosito, E.; Palin, L.; Milanesio, M. Light Weight,
Easy Formable and Non-Toxic Polymer-Based Composites for Hard X-ray Shielding: A Theoretical and
Experimental Study. Int. J. Mol. Sci. 2020, 21, 833. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

364



polymers

Article

Epoxy Based Blends for Additive Manufacturing
by Liquid Crystal Display (LCD) Printing:
The Effect of Blending and Dual Curing
on Daylight Curable Resins

Claudio Tosto 1, Eugenio Pergolizzi 1, Ignazio Blanco 1, Antonella Patti 1, Paul Holt 2,

Sarah Karmel 2 and Gianluca Cicala 1,∗
1 Department of Civil Engineering and Architecture (DICAr), University of Catania, Viale Andrea Doria 6,

95125 Catania, Italy; claudio.tosto@unict.it (C.T.); euper@hotmail.it (E.P.); iblanco@unict.it (I.B.);
antonella.patti@unict.it (A.P.)

2 Photocentric Ltd., Cambridge House, Oxney Road, Peterborough PE1 5YW, UK;
paul.Holt@photocentric.co.uk (P.H.); sarah.karmel@photocentric.co.uk (S.K.)

* Correspondence: gianluca.cicala@unict.it; Tel.: +39-095-738-2760

Received: 22 June 2020; Accepted: 15 July 2020; Published: 18 July 2020

Abstract: Epoxy-based blends printable in a Liquid Crystal Display (LCD) printer were studied.
Diglycidyl ether of bisphenol A (DGEBA) mixed with Diethyltoluene diamine (DETDA) was used
due to the easy processing in liquid form at room temperature and slower reactivity until heated over
150 ◦C. The DGEBA/DETDA resin was mixed with a commercial daylight photocurable resin used
for LCD screen 3D printing. Calorimetric, dynamic mechanical and rheology testing were carried out
on the resulting blends. The daylight resins showed to be thermally curable. Resin’s processability
in the LCD printer was evaluated for all the blends by rheology and by 3D printing trials. The best
printing conditions were determined by a speed cure test. The use of a thermal post-curing cycle
after the standard photocuring in the LCD printer enhanced the glass transition temperature Tg of
the daylight resin from 45 to 137 ◦C when post-curing temperatures up to 180 ◦C were used. The Tg
reached a value of 174 ◦C mixing 50 wt% of DGEBA/DETDA resin with the photocurable resin when
high temperature cure cycle was used.

Keywords: additive manufacturing; LCD printing; epoxy; polymer blends; thermomechanical properties

1. Introduction

Liquid crystal display (LCD) 3D printing is based on the use of LCD displays as imaging system.
The key property of LCD printing is that the light shines through the flat LCD panels directly onto
the uncured resin. This allows light not to expand and, thus, pixel distortion is less of an issue with
LCD printing as it happens with DLP printing. In addition, a full layer can be exposed at the same
time and there is no need to scan the photopolymer point-by-point like in SLA. This had the advantage
of a faster 3D printing process. In many LCD printers the light comes from an array of UV or LED
lamps. Other photocuring 3D printing technologies are based on different principles: digital light
processing (DLP) uses a projector to project the image of the cross section of the object to be printed;
stereolithography apparatus (SLA) uses a laser beam to scan and cure the layer of the photocuring
resins point by point; multi jet printing (MJP) prints the models spraying liquid photosensitive resins
from several nozzles and then curing the layer by using an UV lamp [1]. Back in 2015, the company
Carbon3D reported the process named CLIP (Continuous Liquid Interface Production) which is based
on an oxygen permeable membrane leading to the consecutive printing of each layer and therefore
speeding up part’s production. The CLIP technology is also named DLS (Digital Light Synthesis).
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The key aspects is the use of oxygen permeation to inhibit the radical polymerization allowing fast
continuous printing [2]. Carbon3D technology is not based only on the use of oxygen permeation
membrane, but also on the availability of different resin chemistries ranging from acrylates to epoxies,
cyanates and polyurethanes. Some of the best performing resins offered by Carbon3D are based on
dual curing approach in which photocuring is followed by thermal curing [3]. Obst et al. [4] discussed
the influence of different exposure times on the dual curing reaction of a polyurethane-based resin
used in the DLS technology. The resin used in their study was a blend of acrylate and polyurethane.
The mechanical characteristics such as tensile strength and elongation at break were shown to be
strongly dependent on the degree of UV crosslinking. Redmann et al. [5] focused on an epoxy-based
system processable in the Carbon3D printer. The authors addressed the problem of thermal curing
optimization for this system. Reducing the thermal curing time while avoiding a negative influence
on the final mechanical properties was the main goal. The original curing time with a duration of
750 min was shortened to 200 min with, at the same time, an improvement of glass temperature
transition from 146 to 154 ◦C. Dual curing for acrylate-based systems has been widely studied for
several applications: shape memory polymers, optical materials, photolithography, protective coatings,
structured surface topologies, and holographic materials [6]. A dual-curing process is defined as
a combination of two curing reactions taking place simultaneously or sequentially. Epoxies mixed
with a photocurable acrylic resin cured combining photocuring with thermal curing allowed the 3D
printing of carbon fiber reinforced composites [7]. Lantean et al. [8] proposed similar approach based
on epoxy/acrylate blends for DLP printing. In this study, epoxy was used but no specific thermally
activated curing agent was added. The maximum Tg achieved was limited to 108.6 ◦C for those blends.
Daylight resins cure at 460 nm while most of the other photocurable resins cure in the UV region
using wavelengths between 325–420 nm. According to Photocentric, “the use of light at longer wave
length proved to allow for a deeper penetration depth into the photopolymer material and therefore
a more uniform and accurate 3D printing process” [9,10]. The combination of visible light with the use
of LCD screens for 3D printing, allows for a faster, more efficient and economical manufacturing
process. This is a relevant point for application. In the literature there are increasing examples of
the use of additive manufacturing in several fields ranging from microfluidics [11–13], tooling for
composites [14,15] and injection molding [16]. Mixing epoxy blends with photocurable resins can
open the field to novel formulation too if complex toughened epoxy blends area used [17,18] because
this can be a suitable method to obtain the impact resistance of the printed specimens. All these
applications might benefit of an accurate control of cavity control [19,20]. The aim of this work
was to improve the thermal properties of daylight resins by blending with epoxy thermally curable
resins without altering the working principle of the printer. To achieve this goal first we selected
a commercial daylight curing resin and we studied its thermal curing properties after LCD printing.
The effect of epoxy blending and the use of dual curing as a mean to improve resin’s thermal properties
was analyzed.

2. Experimental

2.1. Materials and Method

2.1.1. Materials

Two resin systems were mixed: the commercial daylight resin (Cream Hard) obtained by
Photocentric Ltd. (Peterborough, UK) and the thermally curable epoxy resin formulated by mixing
diglycidyl ether of bisphenol A (DGEBA) and diethyltoluene diamine (DETDA. In the following,
we refer to the Cream Hard resin as cream or C while the mixture DGEBA/DETDA is refereed as E.
The diglycidyl ether of bisphenol A selected was the Araldite GY 240 kindly donated by Huntsman
(Basel, Switzerland). The diethyltoluene diamine (DETDA) was the LonzaCure DETDA kindly donated
by Lonza (Basel, Switzerland). DGEBA and DETDA were mixed at room temperature with a 1:1
stoichiometric ratio.
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2.1.2. Epoxy-Based Blend Preparation

LonzaCure DETDA is a liquid aromatic amine that can be mixed at room temperature with
liquid epoxy. The liquid epoxy formulation obtained is miscible with daylight resins and it is not
reactive under daylight. The uncured epoxy formulation was obtained mixing the two monomers
(i.e., DGEBA and DETDA) in a centrifugal planetary mixer (ARV-310 by Thinky, Laguna Hills, CA,
USA). The conditions used for mixing were: speed 2000 rpm, vacuum pressure of 0.3 kPa and mixing
time of 5 min. The epoxy-based blends were prepared by mixing at room temperature the uncured
epoxy formulation with the cream resin with different weight ratios (Table 1). The blends were
mixed in the centrifugal planetary mixer with the same mixing procedure used for the uncured epoxy
formulation. The prepared blends were stored in opaque glass containers avoiding daylight exposure
until used. No sign of demixing or incompatibility for the samples stored at room temperature for
3 months was observed. The centrifugal mixer allowed to mix the two resins in 5 min only and,
at the same time, to apply deareation avoiding air voids in the cured systems.

Table 1. Resin formulations studied.

ID
Sample

Cream
[wt%]

Epoxy
[wt%]

C 100 0
CE7030 70 30
CE5050 50 50
E 0 100

2.1.3. Resin LCD Printing and Thermal Curing

The LCD printing was carried out on a LC-HR2 LCD printer by Photocentric (Peterborough,
UK). The LC-HR2 is a LCD printing machine that uses an iPad screen as display for resin’s
photocuring. The initial conditions used for printing the cream resin were recommended by
Photocentric. Following the printing trials on the epoxy- based blends the printing conditions were
tailored to obtain good quality printing (Table 2). The methods used to define the optimized printing
parameters for the epoxy blends will be explained in the results and discussion section. The printed
samples were first shaped by LCD printing and then thermally post-cured in a standard ventilated
oven with two types of cure cycles: isothermal cure for hold time of 3 h; isothermal cure at 140 ◦C for
2 h followed by a ramp at 2 ◦C/min to 180 ◦C and hold at this temperature for 2 h. For the isothermal
curing of the cream resin three temperatures were tested: 100, 140 and 150 ◦C.

Table 2. LCD printing conditions used for specimens manufacturing.

ID
Sample

Exposure Time
[s]

Z Lift Distance
[mm]

Z Lift Speed
[mm/min]

Z Retract Speed
[mm/min]

Top Time
[s]

C 25 3 15 50 5
CE7030 30 10 10 10 10
CE5050 30 10 10 10 10

2.2. Characterization

2.2.1. Dynamic Mechanical Analysis (DMA)

Cured specimens with dimensions (10 × 8 × 2) mm3 were tested using a dynamic mechanical
analysis (DMA) machine (Tritech by Triton Ltd., Wrexham, UK) to measure the storage modulus (E’)
and the Tanδ. The experiments were carried out in single cantilever mode with a 20 μm amplitude
and 1 Hz frequency. Two types of experiments were carried out: isothermal testing by heating the DMA
chamber at 10 ◦C/min followed by an isothermal hold for 120 min at different temperatures (i.e., 100,
140 and 150 ◦C); ramp test at 2 ◦C/min from 25 to 180 ◦C. The isothermal test was carried out on
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the cream sample after LCD printing to evaluate the effect of the thermal crosslinking induced by
postcuring. The ramp rate test was used to characterize the viscoelastic properties of the samples
after completing the thermal curing cycle. The latter test was used to measure the glass transition
temperature (Tg ) of the resin that was determined as the Tanδ peak.

2.2.2. Differential Scanning Calorimetry (DSC)

Calorimetric measurements were performed using a Shimadzu DSC-60 (Shimadzu, Kyoto, Japan).
Resin samples in liquid (uncured resin) and solid (photo- and thermal- cured resin) form were placed
in a 40-μL sealed aluminum crucibles. Samples of the average weight of 5–7 mg have been prepared.
The samples were heated from room temperature up to 300 ◦C at a rate of 5 ◦C/min (first scan).
After the first scan, they were cooled to room temperature and reheated to 300 ◦C, at a heating rate of
5 ◦C/min (s scan). The glass transition temperature (Tg) was measured as the midpoint of the heat
capacity increment Δcp associated with the glass–rubber transition. The specific heat increment
Δcp was calculated from the vertical distance between the two extrapolated baselines at the glass
transition temperature. The total exothermic heat released was calculated from the area of the DSC
exothermic peak.

2.2.3. Rheology Testing

Parallel plate rheometry was carried out on uncured resin blends using an ARES rheometer
(TA Instruments, Sesto San Giovanni (Mi), Italy). Disc-disc configuration was used with plates of
25 mm diameter and 1.2 mm gap between plates. Isothermal test at room temperature with strain of
5% and oscillatory frequency of 10 Hz were carried out on the blends.

3. Results and Discussion

3.1. DSC Testing Results

The uncured cream resin was tested before LCD printing by a dynamic temperature scan
using differential calorimetry. The result is reported in Figure 1. The graph shows the presence
of an exothermic peak centered at 180 ◦C starting at 150 ◦C (black curve). The total exothermic heat
released was equal to 168.35 J/g. The exothermic peak reveals the presence of some thermally reactive
groups in the daylight formulation. The cream resin is a (meth)acrylate-based resin that can be cured
by photopolymerization and by heat [21]. The cream resin was analyzed back after the first scan
and no exothermic peak was observed (Figure 1, red curve). This finding confirms that all reactive
moieties were reacted in the first scan. The thermogram clearly shows a glass transition temperature at
135.6 ◦C in the second scan (red curve) that is higher than the Tg reported for the cream resin after
LCD curing only (i.e., ≈60 ◦C). Such an improvement can be explained as the result of the increased
crosslink density caused by the thermal curing occurring in the first scan.

The unreacted epoxy-based blends were also characterized in their uncured state by DSC.
The results are summarized in Figure 2. The addition of the thermally curable resin resulted in
the increase of the released heat during the heating ramp (Table 3) as it can be expected because of
the presence of a higher content of thermally curable monomers.
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Table 3. Data obtained from the DSC analysis of the uncured blends.

ID
Sample

Uncured Photocured
Postcured
in Oven

Isothermal
[◦C]

Peak1
[◦C]

Onset1
[◦C]

Heat1
[J/g]

Peak2
[◦C]

Onset2
[◦C]

Heat2
[J/g]

E • 171.79 129.59 264.52 - - -
CE5050 • 183.23 148.69 174.53 259.3 253 9.88
CE7030 • 186.56 143.7 227.98 261.06 243.93 9.31
C • 181 150.24 168.35 264.83 245.33 41.4
C • 185.56 183.25 115.71 - - -
C • • 100 188.22 184.52 55.16 - - -
C • • 140 189.54 185.71 12.05 - - -
C • • 150 - - - - - -

Figure 1. DSC analysis on the hard cream resin: first scan (black); second scan (red).

Figure 2. DSC analysis on the epoxy-based blends in their uncured state.
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3.2. Rheology Testing

Resin viscosity is a parameter of paramount importance for LCD printing. The resin must
flow during platform movement up and down in order to create a homogenous uncured resin layer
between the bottom of the vat and the printing part. Photocentric suggests a maximum viscosity (η*) of
100 Poise to enable resin printing on the LC-HR2 printer. The commercial cream resin used in this study
presented a room temperature viscosity of about 1.8 Poise. Adding the epoxy formulation resulted
in a viscosity increase with increasing epoxy content. The blend with the highest content of epoxy
(i.e., CE5050) showed a room temperature viscosity of 12 Poise (Figure 3). The blend’s viscosity largely
depends on the epoxy prepolymer molecular weight and, as such, could be tailored by the addition of
reactive diluents. We limited blend’s viscosity at values within printer specifications and at the same
time we increased the Tg values. Notably, the Tg values achieved are higher then the values obtained by
most of the current commercially available systems by Photocentric and they are also better that other
commercial systems (Table S1). The resins which displayed similar performance where those sold by
Carbon3D and based on the dual curing processing. If we compare the Tg results and the full processing
times we obtained with the results presented on Carbon3D technology in the open literature [2,4,5] we
can notice that proposed approach is fast and lead to comparable Tg performance. The viscosity of
the blends studied in this paper are higher than those of the systems commercially available. However,
being the values well below the suggested limit of 100 Poise the blends were all regarded as being
processable and this was confirmed by our printing trials described in the following section.

0 50 100 150 200 250 300 350

0.1

1

10

* (
Po

is
e)

Temperature (°C)

 C
 CE7030
 CE5050

Figure 3. Complex viscosity of the uncured epoxy-based blends: C (blue); CE7030 (red); CE5050 (green).

3.3. Printing Test

Once tested blend’s viscosity, printing trials to obtain specimens for thermomechanical testing
were carried out. The first trials on the CE7030 blend resulted in unsuccessful printing (Figure 4).
The printing failed completely as no shape was formed and only some cured layers deposited on
the vat films were found. The same printing parameters used for the cream resin were applied in
such trials (see Table 2). The short exposure times seemed not long enough to allow full curing of
resin’s layers properly. This result is the effect of two parameters: the presence in the blends of
the epoxy resin, which is designed for thermal curing only, that reduce the amount of photocurable
moieties; the stoichiometric unbalance of the photointiator due to the epoxy resin addition in
the blend formulation.
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Figure 4. Printing trials for the CE7030 blend with the same printing conditions used for the cream
resin (see Table 2).

To optimize the exposure times of the formulated blends the photocuring of one single layer was
studied in greater detail using the following procedure. The printer was set to print a single layer prism
with a square base of 10 mm. One single layer for the LC-HR2 printer would results in a layer thickness
of 100 μm when the cream resin is used. The uncured blend was dropped on a plastic foil and suddenly
exposed to the LCD light with different exposure times setting the display to project one layer only
for the prism. The LC-HR2 printer works with fixed light intensity therefore this parameter was not
investigated. The uncured resin was gently rinsed away with a cloth wetted with isopropyl alcohol
(IPA) after light irradiation. The resulting thickness of the printed prism was measured by a caliper.
The side of the resulting square prism was measured by a caliper and the deviation from the fixed
side (i.e., 10 mm) reported as width overcure (Figure S2). The obtained results are summarized in see
Table 4. The results shown in the table demonstrate that adding the epoxy resin to the photocurable
resin there is a slightly reduced photo-reactivity for the blend. Therefore, to account for such effect
the exposure times increased from 25 s of the cream resin to 30 s for the CE7030 and CE5050 (Table 2).
However, the printing results is also affected by the resin flow during the up and down movement of
the platform. To account for the increased viscosity of the blends (Figure 3) the platform’s controlled
movement were modified as reported in Table 2 for the blends. In particular, the platform was lifted
higher to 10 mm distance instead of the 3 mm used for the cream and, to ensure the correct timing for
resin flow, the Z lift and retract were slower (i.e., 10 mm/min) compared to the cream resin’s printing.

Table 4. Average mean values and standard deviations (Std Dev) of the printing trials on the square
prism for the LCD printing optimization with the epoxy-based blends

Exposure Time
[s]

Thickness [μm] Width Overcure [%]

C CE7030 CE5050 C CE7030 CE5050

Mean Std Dev Mean Std Dev Mean Std Dev Mean Std Dev Mean Std Dev Mean Std Dev

5 - - - - - - - - - - - -
10 32 1.0 - - - - –9.4% 0.14% - - - -
15 46 0.7 41 1.0 - - –8.1% 0.15% –9.0% 0.17% - -
20 82 1.0 73 1.2 - - –4.7% 0.19% –5.3% 0.20% - -
25 105 0.9 95 1.3 88 0.8 0.0% 0.14% –2.0% 0.15% –4.0% 0.13%
30 117 1.0 108 1.2 102 1.0 1.1% 0.20% 1.5% 0.12% 1.0% 0.19%
35 137 0.7 125 1.2 118 0.9 1.1% 0.16% 1.6% 0.16% 1.5% 0.12%

Following these findings new settings were used Table 2 that yielded good quality specimens as
all the shapes drawn were printed (Figure 5) and all the samples had the dimension planned.
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Figure 5. Printing trials for the CE7030 blend with the optimized printing conditions after photocuring
optimization (see Table 2).

3.4. DMA Testing

The results of the DSC tests showed the presence of an exothermic peak for the uncured
cream resin outlining the presence of reactive moieties leading to the thermal curing of this system
(see Figure 1). DMA is a suitable technique for the study of the thermal curing of solid systems after
vitrification [22]. LCD photo-cured samples were analyzed by running isothermal DMA testing at three
different temperatures (i.e., 100, 140 and 150 ◦C). This test allowed to measure viscoelastic properties
changes during the isothermal curing. Storage modulus (E’) versus time was monitored in detail.
The cream resin tested at 100 ◦C for 3 h showed only a slight variation of the storage modulus while,
when the isothermal test was carried out at 140 or 150 ◦C, the storage modulus increased of one order
of magnitude within the testing time (Figure 6). The increase of the storage modulus is the result of
the crosslinking reactions which starts, as demonstrated by the DSC tests (Figure 1), at 150 ◦C.
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Figure 6. Isothermal DMA curing test on LCD printed Hard Cream specimens: Storage modulus
versus time.

After being tested isothermally, the same samples were further analyzed by a ramp rate DMA test
(Figure 7). The system cured at 140 ◦C displayed two Tanδ peaks at 65 and 126 ◦C. The resin cured
at 150 ◦C displayed one peak at 134 ◦C and a shoulder at about 67 ◦C. The specimen cured at 100 ◦C
showed a slight shift of the Tanδ peak from 45 ◦C, measured for the LCD printed sample, to 50 ◦C.
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The shift of Tg peaks, which corresponds to the glass transition temperature (Tg), is the result
of the increased crosslink density due to the crosslinking reactions occurring because of the thermal
curing of the cream resin. The epoxy DGEBA/DETDA system showed an exothermic peak centered at
172 ◦C (Figure 2). Therefore, to ensure the full conversion of the epoxy moieties after LCD printing
the following post-cure cycle for epoxy modified blends was used: isothermal cure at 140 ◦C for 2 h,
ramp at 2 ◦C/min up to 180 ◦C and hold at 180 ◦C for 2 h. The post- cured samples obtained were
analyzed by a ramp test (Figure 8).
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Figure 7. Ramp rate DMA test on isothermally cured Hard Cream resin.
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Figure 8. DMA analysis for the LCD printed sample after the post-curing cycle (isothermal cure at
140 ◦C for 2 h, ramp at 2◦C/min to 180 ◦C and hold at 180 ◦C for 2 h).

As with the viscosity, if we can consider commercial analogous systems (Table S1) it can be said
that with dual curing, resin with higher Tg were obtained. The cream unmodified resin (C) showed
two glass transition temperatures (Tg) at 70 and 137 ◦C while the pure epoxy formulation (E) a Tg
of 197 ◦C. Epoxy blending resulted in one single broad Tanδ peak reaching, for the 50:50 blend, with
a Tg value of 174 ◦C. The blends obtained mixing the two formulations showed an increasing Tg
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with higher epoxy content (Figure 9). The Tg vs epoxy content graph shows a quasi linear correlation
considering only the high Tg for the cream resin. This trend is typically observed for blends forming
the so-called interpenetrated network [23].

Figure 9. Glass transition temperatures (Tg) obtained as Tanδ peaks measured by DMA plotted versus
the epoxy content.

4. Conclusions

Daylight curable (meth)acrylate-epoxy blends were studied. Calorimetric analysis demonstrated
the presence of thermally reactive moieties for the daylight resin used. Dynamic mechanical
analysis showed that LCD printed parts do not develop fully crosslinked network coherently with
the information gained from DSC analysis. Treating with thermal postcure the LCD printed daylight
resins increased the glass transition temperature from 45 to 137 ◦C. This Tg increase was obtained with
a post treatment that required about 4 h and 20 min of additional thermal curing time. This additional
treatment time is not impacting dramatically on overall production times because LC-HR2 printer
can print 100 μm every 25 s thus leading to a printing time of 7 h for a complex part with a volume
of 78 cm3 (Figure S1). Regarding this point, we should notice that increasing the printing area on
LCD printer do not change the printing time. Therefore, if many similar objects are printed in bigger
printers (like for example the Magna model) the printing time remains approximately the same while
the curing time can be the same on all the parts. This means that the time to make parts can be overall
reduced because of post-curing is carried out at once on all parts. These concepts let Photocentric to
achieve high volume throughputs with their big area machines. Therefore, thermal post-curing of
daylight resin is an efficient approach for enhancing the final properties of LCD printed parts. The
benefits of thermal post-curing were further enhanced when DGEBA/DETDA resin was added
to the formulation. The Tg increased up to 165 and 174 ◦C for blends with 30 and 50 wt% of
DEGBA/DETDA, respectively. However, these remarkable Tg increases showed some drawbacks due
to the increasing photocuring times to achieve good quality LCD printing. The exposure time needed
to be adjusted from 25 s for hard cream resin to 30 s for the epoxy-based blends and the platform to
be moved higher and slower to allow resin flow. The changes in these printing parameters lead to
longer printing time. For example, the part (Figure S1) with a volume of 78 cm3 would be of 16 h
of printing time. These results offer some important insights for the further development of similar
blends. To counteract the reduced photocuring reactivity of the modified blends some adjustments
of the type and content of the photoinitiator could a viable solution while, blend’s viscosity could
be tailored by using reactive diluents. Such developments can be interesting for future applications
in the field of tooling for polymers and composites or for specific application in severe environment.
In the field of tooling for polymers and composites the need for high temperature resistance is due
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to the high processing temperatures. For example, many advanced prepregs needed in automotive
are cured with processing cycles at 120 ◦C thus requiring materials with high temperature stability.
Other fields which might benefit for the use of high Tg resins and for the high resolution offered by
LCD printing are the valves working with hot fluids. Similar applications for dual curable epoxies
have been presented by Carbon3D but, according to the result of this paper, LCD printing can be used
too if the epoxy blending approach is pursued.
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Abbreviations

The following abbreviations are used in this manuscript:

η* Complex viscosity
DETDA Diethyltoluene diamine
DGEBA Diglycidyl ether of bisphenol A
DMA Dynamic Mechanical Analysis
DSC Differential Scanning Calorimetry
E’ Storage modulus
Δcp Heat capacity increment
LCD Liquid Crystal Display
Tg Glass-transition temperature
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