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Abstract
Demand for polymer films with higher service temperature for use in modern industrial, automotive, and related applications has driven the development of novel composite materials. In this work, the storage moduli of PET (polyethylene terephthalate) and PPS (polyphenylene sulfide) were maintained and quantified up to 140 and 160°C respectively through nanolayer coextrusion processing against high Tg COC (cyclic olefin copolymer) support layers.  Layer multiplying coextrusion was leveraged to produce nanolayered cast films with COC layers ranging from 40 to 200 nm.  The nanolayered films were able to maintain a 35-40% higher modulus, up to the glass transition of the continuous COC support layers, as compared to extruded blend films with an identical composition of high temperature glassy polymer.  The results demonstrate leveraging polymer processing techniques to enable advanced high temperature performance of commercial polymer materials without the need for additives or additional polymer chain modifications enabling more rapid scaling to industrial adoption.

Introduction
Developing polymer films with improved thermal stability, mechanical toughness, and chemical resistance, without compromising other functional properties or cost, is a significant challenge for polymer researchers and manufacturers today.  This need for new film development is driven in part by the demanding high temperature durability requirements of modern industrial, medical, automotive, and consumer applications. For example, DC-link capacitors used in electric vehicles are located near SiC-based power electronics, which operate at temperatures up to 175-200°C [[endnoteRef:30961]]. This thermal load, in addition to intrinsic heating from power dissipation in the capacitor, has driven the need for capacitor dielectric films rated for use up to 150°C. However, the preferred dielectric film material for high-voltage capacitors, biaxially oriented polypropylene (BOPP), has an upper service temperature of 85 to 105°C [[endnoteRef:22168]], with dielectric breakdown strength severely dropping above 85°C. The deficiency in BOPP high-temperature performance has required active cooling for capacitors in some electric vehicles [[endnoteRef:15541], [endnoteRef:25288]], and encouraged developing new polymers and composite materials as replacements [[endnoteRef:23949]], which can add cost and complexity to the power module.   [30961: . Wolfspeed. SiC power modules. Available at: https://www.wolfspeed.com/products/power/sic-power-modules/); STMicroelectronics. SiC devices. Available at: https://www.st.com/en/sic-devices.html); onsemi. TND6237-D white paper. Available at: https://www.onsemi.com/download/white-papers/pdf/tnd6237-d.pdf (accessed 11 May 2026).]  [22168: . Stella F, Vico E, Cittanti D, Liu C, Shen J, Bojoi R. Design and testing of an automotive compliant 800 V 550 kVA SiC traction inverter with full-ceramic DC-link and EMI filter. In: Proc IEEE Energy Convers Congr Expo (ECCE); October 2022. p. 1–8.]  [15541: . Chowdhury S, Gurpinar E, Ozpineci B. Capacitor technologies: characterization, selection, and packaging for next-generation power electronics applications. IEEE Trans Transp Electrific. 2022; 8(2): 2710–2720.]  [25288: . Moradi J, Andwari AM, Gharehghani A, Könnö J. Advanced thermal management strategies for electric vehicles: enhancing efficiency, reliability, and performance. Future Energy. 2025; 4(1): 43–49.]  [23949: . Xie Z, Fan L, Li H, Ran Z, Lai S, Liu X, et al. Recent trends in all-organic polymer dielectrics for high-temperature electrostatic energy storage capacitors. Prog Polym Sci. 2025; 164: 101957.] 

In medical packaging, films that prevent oxygen and moisture ingress for sensitive pharmaceuticals, medical devices, and bio-sample containers, must maintain integrity during heat and steam-based sterilization cycles up to 132°C [[endnoteRef:8864]]. The phase-out of per- and polyfluoroalkyl substances (PFAS), through regulations and supply chain disruption, has accelerated the development of potential alternatives that will also meet these thermal requirements. [8864: . Centers for Disease Control and Prevention. Guideline for disinfection and sterilization in healthcare facilities (https://www.cdc.gov/infection-control/hcp/disinfection-and-sterilization/index.html) (accessed 2026).] 

Developing entirely new polymers involves significant cost and time, so combining existing commercial polymers where one polymer acts as a mechanical support at high temperature is often the preferred route to achieving the required performance. However, in many applications, blending often generates a 2-phase mixture with random, discrete phase domains that lack continuity, making them ineffective scaffolds. In contrast, the continuous in-plane phases in layered films can provide efficient mechanical reinforcement at elevated temperature [[endnoteRef:21632]]. [21632: . Fang W, Cheng YH, Pearson A, Huang Y, Dargahi A, Duncan M, et al. A polyamide and polyethylene multilayer composite with enhanced barrier and mechanical properties at high temperature. RSC Appl Polym. 2024; 2(6): 1170–1181.] 

[bookmark: _Ref228282137][bookmark: _Ref228284658]An important subset of layered films are made by layer-multiplying coextrusion [[endnoteRef:22533], [endnoteRef:20409], [endnoteRef:3149], [endnoteRef:8293], [endnoteRef:16747], [endnoteRef:19090]]. Here, multiplier elements in series are used to split and re-combine the molten polymer flow to sequentially double the number of layers, after which the material is cast into a film. This method can generate films with over 4000 layers with individual layer thickness as low as roughly 10 nm, combining two or three individual polymers. These multilayered films (MLFs) can have highly targeted and engineered properties, which can exceed what is accessible through blending (which can be predicted through simple mixing rules) or macroscopic layering (which generally follow series transport models). [22533: . Langhe D, Ponting M. Manufacturing and novel applications of multilayer polymer films. Oxford: William Andrew; 2016.]  [20409: . Ponting M, Hiltner A, Baer E. Polymer nanostructures by forced assembly: process, structure, and properties. Macromol Symp. 2010; 294(1): 19–32.]  [3149: . Harder RE. Interfacial surface generator. U.S. Patent 3,195,865. July 20, 1965.]  [8293: . Zelley WG. Conversion coated aluminum conductor and method for preparation thereof. U.S. Patent 3,595,985. July 27, 1971.]  [16747: . Schrenk WJ. Apparatus for multilayer coextrusion of sheet or film. U.S. Patent 3,884,606. May 20, 1975.]  [19090: . Lewis RA, Wisniewski DM, Ramanathan R, Schrenk WJ. Layer thickness gradient control in multilayer polymeric bodies. U.S. Patent 5,389,324. February 14, 1995.] 

[bookmark: _Ref228276544][bookmark: _Ref227661212][bookmark: _Ref227661253][bookmark: _Ref229748603][bookmark: _Ref227592176][bookmark: _Ref227672374]Compared to other methods used to combine polymers, an advantage of this technique is that it can be used to combine dissimilar or immiscible polymers in any ratio, allowing intermediate properties to be targeted. Furthermore, forming very thin layers can lead to new bulk material properties. For example, confining a semicrystalline polymer to very thin layers, on the order of the radius of gyration of the polymer, can induce confined crystallization [[endnoteRef:21390]], where the structure of crystalline regions formed during cooling takes on different morphology compared to its typical bulk behavior. This phenomenon can be used to improve performance at high temperature [[endnoteRef:28522],[endnoteRef:26495], [endnoteRef:27574]], as well as to optimize mass transport and electrical properties [[endnoteRef:9825], [endnoteRef:26142], [endnoteRef:16638], [endnoteRef:21841]]. Also, as layer thickness is reduced, the fraction of the overall film structure taken up by interlayer interphase regions increases, such that the properties of the interphase region can become more dominant over the pure bulk phases [[endnoteRef:25899], [endnoteRef:18382]].  [21390: . Carr JM, Langhe DS, Ponting MT, Hiltner A, Baer E. Confined crystallization in polymer nanolayered films: a review. J Mater Res. 2012; 27(10): 1326–1350.]  [28522:  . Yin K, Zhang J, Li Z, Feng J, Zhang C, Chen X, et al. Polymer multilayer films for high temperature capacitor application. J Appl Polym Sci. 2019; 136(20): 47535.]  [26495: . Chen X, Li Q, Langhe D, Ponting M, Li R, Fukuto M, et al. Achieving flat-on primary crystals by nanoconfined crystallization in high-temperature polycarbonate/poly (vinylidene fluoride) multilayer films and its effect on dielectric insulation. ACS Appl Mater Interfaces. 2020; 12(40): 44892–44901.]  [27574: . Mackey M, Flandin L, Hiltner A, Baer E. Confined crystallization of PVDF and a PVDF-TFE copolymer in nanolayered films. J Polym Sci B Polym Phys. 2011; 49(24): 1750–1761.]  [9825: . Lozay Q, Beuguel Q, Follain N, Lebrun L, Guinault A, Miquelard-Garnier G, et al. Structural and barrier properties of compatibilized PE/PA6 multinanolayer films. Membranes. 2021; 11(2): 75.]  [26142: . Wang H, Keum JK, Hiltner A, Baer E. Confined crystallization of PEO in nanolayered films impacting structure and oxygen permeability. Macromolecules. 2009; 42: 7055.]  [16638: . Wang H, Keum JK, Hiltner A, Baer E, Freeman B, Rozanski A, Galeski A. Confined crystallization of polyethylene oxide in nanolayer assemblies. Science. 2009; 323: 757.]  [21841: . Huang H, Chen X, Li R, Fukuto M, Schuele DE, Ponting M, et al. Flat-on secondary crystals as effective blocks to reduce ionic conduction loss in polysulfone/poly (vinylidene fluoride) multilayer dielectric films. Macromolecules. 2018; 51(14): 5019–5026.]  [25899: . Liu RY, Jin Y, Hiltner A, Baer E. Probing nanoscale polymer interactions by forced-assembly. Macromol Rapid Commun. 2003; 24(16): 943–948.]  [18382: . Liu RYF, Bernal-Lara TE, Hiltner A, Baer E. Polymer interphase materials by forced assembly. Macromolecules. 2005; 38(11): 4819–4827.] 

[bookmark: _Ref229572962][bookmark: _Ref229572964][bookmark: _Ref227592526][bookmark: _Ref227587537][bookmark: _Ref227594762]There are several emerging applications and active areas of research into MLFs. One is the layering of materials with targeted electrical characteristics (dielectric constant, loss, and breakdown strength) and thermal behavior (shrinkage and softening temperature) for high-performance capacitor films used in the DC-link applications discussed above, as well as nuclear fusion and grid-scale power systems [[endnoteRef:9696], [endnoteRef:11584], [endnoteRef:1402]]. Other emerging applications include layering to improve the high-temperature mechanical and barrier properties of biodegradable and bio-derived materials [[endnoteRef:29793], [endnoteRef:9778]], and to improve the recyclability of mixed polymers [[endnoteRef:26816], [endnoteRef:7827]].  [9696: . Ju T, Chen X, Langhe D, Ponting M, Baer E, Zhu L. Enhancing breakdown strength and lifetime of multilayer dielectric films by using high temperature polycarbonate skin layers. Energy Storage Mater. 2022; 45: 494–503.]  [11584: . Ju T, Treufeld I, Wolak M, Ponting M, Baer E, Zhu L. Effect of glass transition temperature on enhanced dielectric breakdown strength and lifetime of multilayer polymer films. ACS Appl Mater Interfaces. 2023; 16(1): 795–80.]  [1402: . Li Z, Chen X, Zhang C, Baer E, Langhe D, Ponting M, et al. High dielectric constant polycarbonate/nylon multilayer films capacitors with self-healing capability. ACS Appl Polym Mater. 2019; 1(4): 867–875.]  [29793: . Messin T, Marais S, Follain N, Guinault A, Gaucher V, Delpouve N, Sollogoub C. Biodegradable PLA/PBS multinanolayer membrane with enhanced barrier performances. J Membr Sci. 2020; 598: 117777.]  [9778: . Fernandes Nassar S, Delpouve N, Sollogoub C, Guinault A, Stoclet G, Régnier G, Domenek S. Impact of nanoconfinement on polylactide crystallization and gas barrier properties. ACS Appl Mater Interfaces. 2020; 12(8): 9953–9965.]  [26816: . Cabrera G, Touil I, Masghouni E, Maazouz A, Lamnawar K. Multi-micro/nanolayer films based on polyolefins: new approaches from eco-design to recycling. Polymers. 2021; 13(3): 413.]  [7827: . Adam HB, Yousfi M, Maazouz A, Lamnawar K. Recycling of polystyrene/polyethylene micro/nanolayered films: effect of melt rheological properties mismatch on induced morphological and mechanical performances. Polym Eng Sci. 2025; 65(11): 6357–6368.] 

MLF materials have been fabricated by combining polymers with very different microstructures and chemical compositions which exhibited complementary or synergistic properties at elevated temperatures. Table 1 summarizes examples of these MLFs reported previously, specifically where a semicrystalline polymer is combined with an amorphous polymer that has a relatively high glass transition temperature. 
[bookmark: _Ref227669667][bookmark: _Ref228277627]Combinations of these types have been used to extend upper service temperatures in several systems. Notable examples include using polysulfone (PSF), high-temperature polycarbonate (PC), and cyclic olefin copolymer (COC) as stable scaffolds for polyvinylidene fluoride (PVDF), polypropylene (PP), polyphenylene sulfide (PPS), and polyethylene naphthalate (PEN) to improve high-temperature mechanical and dielectric properties [16, 24, 25, [endnoteRef:29063], [endnoteRef:24478], [endnoteRef:6199]].  [29063: . Zhang G, Lee PC, Jenkins S, Dooley J, Baer E. The effect of confined spherulite morphology of high-density polyethylene and polypropylene on their gas barrier properties in multilayered film systems. Polymer. 2014; 55(17): 4521–4530.]  [24478: . Wahab Z, Wolak M, Ponting M. Optimization of biaxially stretched, nanolayered films for high temperature capacitors. In: ANTEC 2025; Philadelphia, PA.]  [6199: . Wahab Z, Patz J, Ponting M. Nanolayer coextrusion enabling high strength and high temperature polymer films. In: ANTEC 2024; St. Louis, MO.] 

[bookmark: _Ref227669912][bookmark: _Ref227670471][bookmark: _Ref227670484]Another example is using PSF layers in an alternating PSF/PVDF capacitor film to capture impurity ions and hold them in place at elevated operating temperatures in the high-Tg PSF layers [[endnoteRef:12740]]. COC layers have also been combined with PP to improve barrier properties and electrical performance at high temperature [[endnoteRef:17026], [endnoteRef:20180]], and with linear low-density polyethylene (LLDPE) to take advantage of the mechanical and thermal properties of both materials [[endnoteRef:29652]].  [12740: . Huang H, Chen X, Yin K, Treufeld I, Schuele DE, Ponting M, et al. Reduction of ionic conduction loss in multilayer dielectric films by immobilizing impurity ions in high glass transition temperature polymer layers. ACS Appl Energy Mater. 2018; 1(2): 775–782.]  [17026: . Ponting M, Wahab Z, Wolak MA. Multilayered high-temperature dielectric film. U.S. Patent 12,119,180. October 15, 2024.]  [20180: . Amcor. PVC-free barrier blister films (https://www.amcor.com/media/news/b/amcor-flexibles-launches-pvc-free-barrier-blister-films) (accessed 22 April 2026).]  [29652: . Tatarka PD. Introduction to micro and nano-layering LLDPE with cyclic olefin copolymers (COC). In: AMI Polyethylene Films 2019. Available at: https://topas.com/wp-content/uploads/2023/06/Nanolayer-PE-COC-Films-201812-PT-AMI.pdf (accessed 20 April 2026).] 

Table 1: Examples of reported micro- and nanolayered coextruded systems that combine amorphous and semicrystalline polymers, where the amorphous polymer has a significantly higher glass transition temperature (Tg). 
	Amorphous Polymer
	Semicrystalline Polymer
	Reference

	Polystyrene (PS)
Tg ~80-105°C
	Polyethylene oxide (PEO)
	19, 42

	
	Poly (L-lactic acid) (PLLA)
	28, [endnoteRef:5021] [5021: . Nassar SF, Domenek S, Guinault A, Stoclet G, Delpouve N, Sollogoub C. Structural and dynamic heterogeneity in the amorphous phase of poly (L, L-lactide) confined at the nanoscale by the coextrusion process. Macromolecules. 2018; 51(1): 128–136.] 


	
	Polypropylene (PP)
	[endnoteRef:14909], [endnoteRef:12038], [endnoteRef:12751] [14909: . Jin Y, Rogunova M, Hiltner A, Baer E, Nowacki R, Galeski A, Piorkowska E. Structure of polypropylene crystallized in confined nanolayers. J Polym Sci B Polym Phys. 2004; 42(18): 3380–3396.]  [12038: . Jin Y, Hiltner A, Baer E. Fractionated crystallization of polypropylene droplets produced by nanolayer breakup. J Polym Sci B Polym Phys. 2007; 45(10): 1138–1151.]  [12751: . Wang M, Shen J, Li J, Guo S. Effect of morphology on the interfacial slip of immiscible polypropylene/polystyrene blends. Rheol Acta. 2013; 52(10): 963–972.] 


	
	Polycaprolactone (PCL)
	42

	
	Low-density polyethylene (LDPE)
	30, 46

	Poly (methyl methacrylate) (PMMA)
Tg ~105°C
	Polycaprolactone (PCL)
	[endnoteRef:9133][endnoteRef:42] [9133: . Ponting M, Lin Y, Keum JK, Hiltner A, Baer E. Effect of substrate on the isothermal crystallization kinetics of confined poly (ε-caprolactone) nanolayers. Macromolecules. 2010; 43(20): 8619–8627.]  [42: !!! End note with ID "42" not found in document.] 


	
	Polyvinylidene fluoride (PVDF)
	[endnoteRef:32166], [endnoteRef:19994] [32166: . Lu B, Lamnawar K, Maazouz A, Sudre G. Critical role of interfacial diffusion and diffuse interphases formed in multi-micro-/nanolayered polymer films based on poly (vinylidene fluoride) and poly (methyl methacrylate). ACS Appl Mater Interfaces. 2018; 10(34): 29019–29037.]  [19994: . Ji X, Chen D, Zheng Y, Shen J, Guo S, Harkin-Jones E. Multilayered assembly of poly (vinylidene fluoride) and poly (methyl methacrylate) for achieving multi-shape memory effects. Chem Eng J. 2019; 362: 190–198.] 


	Polycarbonate (PC)
Tg ~140-185°C
	Polyamide (PA)
	26

	
	Poly (L-lactic acid) (PLLA)
	28

	
	Poly (m-xylylene adipamide) (MXD6)
	[endnoteRef:32765] [32765: . Messin T, Marais S, Follain N, Chappey C, Guinault A, Miquelard-Garnier G, Sollogoub C. Impact of water and thermal induced crystallizations in a PC/MXD6 multilayer film on barrier properties. Eur Polym J. 2019; 111: 152–160.] 


	
	Low-density polyethylene (LDPE)
	[endnoteRef:31760][endnoteRef:46] [31760: . Li J, Touil I, Lu B, Zhang H, Maazouz A, Lamnawar K. Interfacial shear and elongational rheology of immiscible multi-micro-nanolayered polymers: contribution for probing the effect of highly mismatched viscoelastic properties and modeling interfacial tension properties. Rheol Acta. 2024; 63(5): 361–377.]  [46: !!! End note with ID "46" not found in document.] 


	
	Polyvinylidene fluoride (PVDF)
	16, 17

	
	Poly (vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP)
	[endnoteRef:17707] [17707: . Wang J, Adami D, Lu B, Liu C, Maazouz A, Lamnawar K. Multiscale structural evolution and its relationship to dielectric properties of micro-/nano-layer coextruded PVDF-HFP/PC films. Polymers. 2020; 12(11): 2596.] 


	
	Poly (vinylidene fluoride-co-tetrafluoroethylene) (PVDF-TFE)
	17

	Cyclic Olefin Copolymer (COC)
Tg ~120-180°C
	High-density polyethylene (HDPE)
	48

	
	Polypropylene (PP)
	[bookmark: _Ref227660662]31, 35, [endnoteRef:22973] [22973: . Dooley J, Jenkins SR, Lee PCD. Coextruded multilayer cyclic olefin polymer films or sheet having improved moisture vapor barrier. U.S. Patent Application Publication US2014/0363600 A1. December 11, 2014.] 


	
	Linear low-density polyethylene (LLDPE)
	37

	
	Polyethylene terephthalate (PET)
	This work

	
	Polyphenylene sulfide (PPS)
	This work

	Polysulfone (PSF)
Tg ~185-195°C
	Polyvinylidene fluoride (PVDF)
	17, 21, 34, [endnoteRef:21387]  [21387: . Tseng JK, Tang S, Zhou Z, Mackey M, Carr JM, Mu R, et al. Interfacial polarization and layer thickness effect on electrical insulation in multilayered polysulfone/poly (vinylidene fluoride) films. Polymer. 2014; 55(1): 8–14.] 


	
	Polyphenylene sulfide (PPS)
	33

	
	Polyethylene naphthalate (PEN)
	33



In this work, improvements to extend the mechanical stiffness of semicrystalline materials PPS and PET to higher temperatures were examined by incorporating thin layers of high Tg COC as thermal stabilizer in the MLF structure. The ability of COC nanolayers to act as a thermally stabilizing scaffold for the PPS and PET semicrystalline polymers at temperatures above their typical service temperature was tested. This approach can be used to make novel composite materials with high service temperature that combine advantageous properties of multiple polymers, such as barrier performance, mechanical strength, optical clarity, dielectric properties, and chemical resistance, to expand their use in applications including biomedical, electrical, and other demanding high-temperature engineering and industrial environments.
Materials and Methods
Multilayered polymer films generated in this study combined a semicrystalline polymer with an amorphous polymer. The semicrystalline polymers utilized in coextrusion were:
· Polyethylene terephthalate (PET, Tg ~78°C, Tm ~243°C, 0.8 IV Eastman Chemical Company 9921W)
· Extrusion grade linear polyphenylene sulfide (PPS, Tg ~90°C, Tm ~280°C, Celanese Corporation Fortron 0320C0).
The amorphous polymer counter layer material was:
· Cyclic olefin copolymer (COC, Tg ~158°C, TOPAS 6015S), selected in part because of its relatively high Tg. 
Figure 1 shows how the multilayered films with alternating COC and PET or PPS layers were fabricated via a layer multiplication coextrusion process previously described [8, 9]. The extruders, multiplier elements, and die were set at temperatures to ensure the two polymer melt viscosities matched during coextrusion processing. Films with 129 alternating COC and PET or PPS layers were coextruded to an overall 25 μm target film thickness. The composition ratio for the COC/PPS system was varied as (v/v) 10/90 and 25/75. For the COC/PET system composition ratio was varied as (v/v) 10/90, 25/75, and 50/50. In order to improve adhesion between the COC and PET layers, the pure COC layer was replaced by a 75/25 volume % COC /PET blend. Monolayer equivalent composition control blend films were produced for each system along with 100% COC, PET and PPS films. 
[image: ]
Figure 1. Schematic of the extrusion equipment used in this work, showing the position of the layer-multiplying dies (left) and the process of splitting and recombining the melt flow to achieve layer multiplication. 

Differential scanning calorimetry (DSC) and dynamic mechanical analysis (DMA) were used to characterize the thermal and mechanical behavior of the samples. DSC was performed on as-cast films with no additional thermal preparation, using a PerkinElmer DSC 4000 with a constant ramp rate of 10°C/min. DMA was performed using a PerkinElmer DMA 8000 with a ramp rate of 5°C/min, 1 Hz frequency, and 0.2% strain with 1 N pre-tension. Before DMA testing, samples were annealed at 150°C for one hour to reduce measurement artifacts from cold crystallization. For cross-sectional imaging, films were first mounted in epoxy, then polished to expose cross-sections, then coated with 5 nm of silver. A Thermo Fisher Scientific Apreo 2 field emission scanning electron microscope with a backscattered electron detector was used for cross-sectional imaging of the polished epoxy mounted samples. Images were collected using an accelerating voltage of 20 kV and a beam current of 0.2 nA.

Results and Discussion
Scanning electron microscopy, shown in Figure 2, was used to confirm the formation of a well-ordered layer structure in the 129-layer films. Figure 2(a), a cross-sectional image of a 129-layer, 25% COC-PPS film, shows a clear layer structure. In contrast, Figure 2(b), the cross-section of a film made from a 25% COC-PPS blend, shows evidence of phase separation with no periodic structure. 
[image: ]Figure 2. Cross-sectional SEM images of 25% COC-PPS films: (a) 129-layer, (b) blend. 
DSC thermograms of COC-PET film samples are shown in Figure 3(a). Three major features are present: a glass transition of PET at roughly 80°C, cold crystallization at 140 – 147.5°C, and a melting transition at 241 – 243.7°C (peak temperatures). Figure 3(b) summarizes the fraction of PET that crystallizes when the film is cast, and the fraction of PET that cold-crystallizes when the film is first heated during the DSC measurement. Figure 3(c) summarizes the peak cold crystallization and peak melting temperatures as determined from DSC. 
The 129-layer COC-PET films exhibited an as-cast crystallinity decrease as the fraction of COC in the films increased, as shown in Figure 3(b), with almost no as-cast crystallization detected in the 25% and 50% layered COC films. The fraction of PET that cold crystallizes in this film also exhibited an increase, from 17.9% in the pure PET film, to 23.4% in the 50% COC-PET layered film. This indicates that crystallization was inhibited by the presence of COC layers when the film was coextruded. It is important to note that the nominal thickness of the PET layers also decreases with increasing COC volume fraction, from 350 to 290 to 200 nm. This had an effect of increasing the degree of confinement of the PET layers and also increases the thickness of the COC-PET interface regions relative to the overall PET thickness, both of which could lead to stronger inhibition of crystallization with increasing COC volume %. This reduction in crystallinity would normally be expected to reduce the thermo-mechanical properties of the material. However, the realized effect of reduced crystallinity is countered by the continuous layers of high-Tg COC present in the film as shown in Figure 2, and the DMA data discussed below and shown in Figure 5. The increased relative thickness of the COC-PET interfused region could also benefit the high temperature mechanical properties of the film, depending on the nature of the interdiffused mixture. 
Comparing films made using blends of COC-PET versus 129-layered films at equivalent material volume fractions, DSC in Figure 3 shows that the amount of overall crystallinity is lower, and the cold crystallization temperature is higher, in the blended films. This indicates that COC also inhibits PET crystallization in blends. Reduction in crystallinity of PLLA and PA6 has been reported in PLLA/COC and PA6/COC blends made using solvent casting and melt blending respectively [[endnoteRef:564],[endnoteRef:21527]], which is consistent with COC disrupting crystallization of semicrystalline polymers in these immiscible systems also. [564: . Nazir F, Iqbal M, Khan AN, Mazhar M, Hussain Z. Fabrication of robust poly L-lactic acid/cyclic olefinic copolymer (PLLA/COC) blends: study of physical properties, structure, and cytocompatibility for bone tissue engineering. J Mater Res Technol. 2021; 13: 1732–1751.]  [21527: . Kulkarni S, Reuvers MC, Wutzler A, Brepols T, Reese S, Johlitz M, et al. Viscoelastic behavior of polyamide 6–COC blends: role of crystallinity and frequency-domain modeling. J Appl Polym Sci. 2025; 142(47): e57856.] 

	[image: ]

	[image: ]
	[image: ]


Figure 3. Cast COC-PET films: DSC thermograms (a), crystallinity fraction (b), and phase transition peak temperatures extracted from DSC thermograms (c). 

Figure 4 shows the DSC thermograms of COC-PPS films. The effect COC has on the PPS thermal transitions is similar, but not identical to the effect it has on PET. Similar to PET witnessed results, the COC layers increase the cold crystallization peak temperature, from 134 to 141.8°C, and decreases the melting point, from 279.7 to 276.9°C at 25% COC. These changes for both temperatures are larger in the COC-PPS system compared to COC-PET, at both 10% and 25% COC. Differences between PPS and PET in terms of the effect of COC on crystallization could be caused by the difference in their interaction energy with COC. Based on Hansen solubility parameters, the interaction between COC and PPS is more favorable than between COC and PET [[endnoteRef:2688], [endnoteRef:9608], [endnoteRef:12483], [endnoteRef:13302], [endnoteRef:13564]], which could lead to more extensive interdiffusion between COC and PPS and, as a result, a larger effect on crystallization kinetics. For the COC-PPS blends, the COC generally has the same directional effect as layered films, but the change is smaller, which could indicate a larger fraction of interdiffused material in the layered sample, as expected for a 129-layered system.  [2688: . Hansen CM. Hansen solubility parameters: a user’s handbook. 2nd ed. Boca Raton: CRC Press; 2000.]  [9608: . Li Q, Jiang B, Li X, Zhou M. Investigation of solvent-assisted in-mold bonding of cyclic olefin copolymer (COC) microfluidic chips. Micromachines. 2022; 13(6): 965.]  [12483: . Abbott S. Hansen solubility parameters (https://www.stevenabbott.co.uk/practical-adhesion/hsp.php) (accessed 28 April 2026).]  [13302: . AccuDyne Test. Polymer surface energy tables (https://www.accudynetest.com/polytable_02.html) (accessed 28 April 2026).]  [13564: . Hanschmann B. Precipitation of polypropylene and polyethylene terephthalate powders using green solvents via temperature and antisolvent-induced phase separation. Adv Polym Technol. 2023; 2023: 7651796.
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Figure 4. Cast COC-PPS films: DSC thermograms (a), crystallinity fraction (b), and phase transition peak temperatures extracted from DSC thermograms (c).

In the COC-PPS system, COC does not monotonically affect the cold and as-cast crystallization fraction and the effect is not as strong as in the COC-PET system. This, combined with how COC affects the PPS crystallization temperature, suggests that how COC inhibits PPS crystallization is not identical to PET. In addition to the differences in interaction energy between layers in the two systems, the 25% PET in the COC layers in COC-PET systems could also be playing a role. One possibility is that the interaction between PET and 75%-25% COC-PET layers lead to inhibiting of the PET crystallization altogether. In this scenario, interfacial mixing would affect the peak crystallization temperatures in both systems, while having a stronger effect on crystallized fraction in the COC-PET system. 
Figure 5(a-c) shows the Storage modulus (E’, a measure of mechanical stiffness) versus temperature (as measured by DMA on annealed COC-PET films). As a comparison, data for pure COC and pure PET films are also shown. At 140°C (which is between the PET and COC Tg), E’ is higher for 129-layer films compared to pure PET in all cases. At 50% COC, the 129-layer film storage modulus at 140°C is roughly equivalent to 100% COC. Figure 5(d) compares the layered and blended films.  The layered film E’ is higher than the blend at all compositions at 140°C.  The difference being more pronounced (a 32-36% difference) at 10 and 25% COC compared to 50% COC (a 7% difference).  The larger relative difference in modulus at lower COC compositions indicates that the thermal-mechanical scaffolding of high-Tg COC is highly effective even at lower concentrations. 
At 160°C, which is above both the PET and COC Tg, a notable result is that the storage modulus for 25% and 50% COC concentrations are superior to pure COC, whether the polymers are layered or blended. This indicates a synergy between the two polymers that improves the high-temperature mechanical properties beyond what is possible with either polymer in its pure form. Because this phenomenon is observed for both layered and blended films, it suggests that it is because the polymers interdiffuse, forming a combination that is particularly stable at elevated temperature.  
In addition, the layered structures show higher storage modulus compared to blends at 10% and 25% COC.  Similar to the trends at 140°C, this indicates an advantage to layering compared to blending at these lower COC concentrations. One possible explanation for this is that the layered structure has a higher interfacial surface area between PET and COC compared to the blend, resulting in a higher fraction of interdiffused material. Another is that the layering process generates continuous COC layers, enhancing its stabilizing effect in the transverse direction. This hypothesis is further supported by the similarity of E’ vs. temperature for the blended and layered 50% COC-PET combinations. In the 50% COC-PET blend, it is likely that a bicontinuous 2-phase mixture is formed, where the COC is continuous, more closely resembling the internal structure to that of a layered film.  
Finally, Figure 5(a-c) shows that the E’ of all COC-PET films falls above 160°C, but the fall-off is less severe compared to the pure COC control.
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Figure 5. DMA for annealed COC-PET films (a-c), and storage modulus vs. COC volume % extracted from DMA (d). 
Figure 6 shows analogous DMA curves for the COC-PPS system. At 10% and 25% COC, we observed similar trends as in the COC-PET system, where the E’ of layered films exceeds that of blended films. Again, this is most likely because the COC layers in the layered films are continuous, and the COC regions in the blends are discontinuous. 
At 160°C, the E’ of layered films also exceeds the E’ of both pure COC and PPS, and that of blended films, by roughly 40%. In this case, interdiffusion forming a COC-PPS mixed interface is likely to play a role, as discussed above in reference to the DSC thermograms for the COC-PPS films. 
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Figure 6. DMA for COC-PPS films (a, b), and storage modulus vs. COC volume % extracted from DMA (c). 
Considering both the DSC and DMA data, these results are consistent with COC layering affecting both the PPS and PET crystallizations, but likely through different mechanisms, driven by the difference in the COC interaction energy with the two other polymers. However, for both PET and PPS, layering with COC leads to increases in the storage modulus above both the pure PET and PPS materials and above simple melt blends. This is particularly evident at 160°C, where the storage moduli of 4 out of the 5 layered films are above the storage moduli of any of the individual components, with the 10% COC-PET film being the only exception.  
Overall, both the PET and PPS layered systems exhibited a reduction in crystallinity due to COC layers, while COC simultaneously increased the overall film storage modulus up to 160-165°C. This indicates that continuous COC layers beneficially extended the overall film high temperature mechanical properties, likely by combining thermal scaffolding and interdiffusion holding together the layered semicrystalline polymers domains. This result demonstrates a two-polymer system with improved high-temperature mechanical performance, beyond what is possible with traditional blending. This is an approach that can be applied to other polymer systems to extend applications of industrially relevant polymers, without the need for chemical modification, inorganic fillers, or lamination, and using an extrusion method that can be scaled to high volume manufacturing.




Conclusions
In this study, the semicrystalline polymers PET (78°C Tg) and PPS (90°C Tg) were combined with an amorphous polymer, COC (with a relatively high 158°C Tg), to form 25 μm COC-PET and COC-PPS films. The polymers were combined by either coextruding an alternating 129-layer structure using a series of multiplier dies, or by simply blending them together. The objective of the layered combination was to use the high Tg COC as a mechanical scaffold to extend the upper service temperature of the semicrystalline polymers. At 140°C, which was above the PET and PPS Tg but below the COC Tg, COC effectively increased the storage modulus in almost all cases. Moreover, the effect of COC was more pronounced in multi-layer films compared to blends. At 160°C, above the Tg of both the semicrystalline and amorphous polymers, layering increased the storage modulus to above that of both pure materials in COC-PET and COC-PPS films. 
DSC indicated that COC strongly affects the PET crystallization, with the degree of as-cast crystallinity dropping from roughly 5% to negligible when COC is increased from 0 to 50%. The PPS crystallization is also affected by the COC, however the overall degree of crystallinity was maintained with only the cold crystallization peak temperature affected. Overall, multilayer coextrusion of PET and PPS films indicated that COC was an effective mechanical scaffold up to temperatures exceeding the glassy layer Tg. COC thermal enhancement of PET or PPS was significantly more effective in a layered structure compared to a blend, due to the COC layer morphological domain continuity. Furthermore, above the COC Tg, there is a synergistic effect which improves the COC-PET and COC-PPS stiffness beyond either of the pure materials. This effect appears to be due to a combination of scaffolding by COC, and the formation of an interdiffused mixture with enhanced thermal stability. 
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