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Dear Editor, 

We have carefully revised our manuscript, considering the Reviewers’ comments. We stress that the 

results are the same as in the previous version submitted but enriched with the specific information 

required by the reviewers.  
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Abstract: In this study, we investigated the effect of the morphology of few-layer (FLG) and multi-

layer (MLG) graphene flakes on the gas barrier properties of thermoplastic polyurethane (TPU) films. 

Composite films of TPU filled with FLG and MLG at different concentrations are prepared by 

solution blending-casting and hot-pressing, achieving an in-plane alignment of the fillers and, 

consequently, improving the gas barrier properties. Specifically, the hot-pressed TPU composites 

loaded with 4 wt.% of the MLG with a lateral size distribution of 0.1-25.0 μm demonstrates a 

reduction of ~81% in the gas permeability compared to the pristine TPU. Additionally, the thermal 

conductivity of the TPU composite (loaded with 4 wt.% of MLG) is enhanced ~3 times and the 

Young modulus increases more than 5 times compared to the pristine TPU.  
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1. Introduction 

Petrochemical-based plastics are widely used worldwide in many applications, e.g., 

constructions[1], aerospace[2], automotive[3], energy devices[4], and packaging[5,6]. Thanks to 

their excellent characteristics, i.e., high strength to weight ratio (e.g., specific strength of aramid 

fiber is 3.0 GPa (g cm-3) as compared to 0.3 GPa (g cm-3) for steel))[7], ease of processing and 

resistant to corrosion, as well as their low cost. Plastics have partially or entirely replaced metals or 

alloys in several applications[8,9]. In particular, more than one-third of the plastics global 

production is used in packaging for food and electronics, being this the primary field for plastic 

use[10]. However, most of the plastic materials do not degrade in nature over time[8,11]. The lack 

of degradability, combined with recycling issues and shrinking landfill sites, has raised severe 

environmental problems worldwide[8]. Therefore, alternative products with zero or reduced 

ecological impact and performances comparable to the currently used polymers have consistently 

been sought[12]. 

Recently, polyurethanes (PUs) have garnered the attention of the researchers and industries since 

they are considered highly versatile polymers, being biocompatible and biodegradable[13–15]. 

Thermoplastic PUs (TPUs) also demonstrate high stretchability (˃  600%), high tear resistance 

(~130 N mm-1)[16], excellent chemical resistance to oils, greases and solvents[13], ease in 

processability, and good weather stability, as is typical of elastomers[17,18]. Nevertheless, virgin 

TPUs are highly permeable to gas molecules and, therefore, are unsuitable for packaging and 

storage applications[19,20]. The oxygen permeability in packaging materials must be as low as 

possible to enhance the shelf life of the package content[5]. In the past, different zero-dimensional 

(0D), e.g., silica nanoparticles[21,22], one-dimensional (1D), e.g., carbon nanotubes[23], two-

dimensional (2D) crystals, e.g., graphene[24], layered-silicates[18,25], hexagonal boron nitride 

flakes[26], defective 2D crystals (graphene oxides (GO) and reduced graphene oxides (RGO)[27–

31]), and three dimensional (3D) fillers, e.g., segregated graphene nanoplatelets (stacked up 

graphene layers or simply graphite) [32,33] have been successfully incorporated into polymer films 
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to enhance their gas barrier properties. In particular, the 2-D structures, having platelet geometry 

and high aspect ratio (α: the ratio of lateral size -L- to thickness -W- of the filler[24]), create a 

maze-like (or tortuous) path for gas molecules, delaying or eventually impeding the pass through 

the polymer films, resulting in superior gas barrier properties[20,34,35]. For example, PU 

composites enriched with organoclays (hexadecyl amine-montmorillonite, C16-MMT) have 

achieved a 50% reduction of O2 gas permeability with 4 wt.% fillers' content[36]. Similarly, the 

addition of defective 2-D crystals, i.e., RGO into TPU, achieved a ~89% reduction in oxygen 

permeability at 2 wt.% mass loading. For this application, RGO (with average lateral size ~10 μm 

and an aspect ratio α ~ 30,000) was combined with TPU using a melt mixing method[29]. The as-

prepared TPU/RGO composites also demonstrated a ~200 % increase in Young's modulus (from 5.5 

MPa for pristine PU to 16.6 MPa), but with a reduction of the elongation at break from 385% to 

218%[29]. Other studies demonstrated ˃90% reduction in the gas permeability of the TPU 

composites using carbon-based 2D fillers (i.e., graphene, RGO, or GO) having aspect ratios  ≥  

300[28,37]. These high-aspect-ratio fillers are costly (e.g., ~105 $/gram for single-layer or bi-layer 

graphene)[38], thus not being cost-effective for gas barrier applications. In contrast, the 

commercially available crystalline graphene-based materials are often multi-layer (MLG) or 

graphene nanoplatelets (˃8 carbon layers)[38,39] with broad size distributions, ranging from 

hundreds of nanometers to few tens of micrometers in lateral size[38,39]. These MLG flakes have 

affordable cost (0.5 – 2.0 $/gram),[38,40] being used in polymer composites to enhance their gas 

barrier[34,35], mechanical[41,42], electrical[43], and thermal properties[44,45]. However, a full 

understanding of the role of the filler morphology (i.e., lateral size distribution -DL- and thickness) 

in the final composite properties (i.e., gas barrier, mechanical and thermal) is still missing.  

In this study, we investigated the dependence of the gas barrier properties of thermoplastic 

polyurethane (TPU) films on the concentration, in-plane alignment, and morphology of few-layer 

graphene (FLG) and MLG fillers. In particular, the hot-pressed TPU composites loaded with 4 wt.% 

of the MLG demonstrated a reduction of ~81% in the gas permeability compared to the pristine 
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TPU. Additionally, the thermal conductivity of the TPU composite (loaded with 4 wt.% of MLG) is 

enhanced ~3 times, and the Young modulus increases more than 5 times compared to the pristine 

polymer. 

2. Materials and methods 

2.1 Materials 

Polyether-based aliphatic TPU (ELASTOLAN L1185 A12) was purchased from BASF, Germany, 

and used without further modifications. Two different types of MLG powders (˃ 8 carbon layers) 

were obtained from Strem Chemicals and Avanzare. Few-layer graphene (3-5 carbon layers) and 

another MLG powder were produced via the Wet Jet Milling process, as described in[46,47]. 

Chloroform (CHCl3) 99.9% analytical grade was purchased from Merck and used as received. 

2.2 Characterization of graphene materials 

The FLG and MLG powders were characterized morphologically. The results are summarized in 

Table 1. The details on the characterization procedures are given in Supporting Information, SI-1 

(see also Figure S1).  

Table 1. Morphological properties of the graphene powders. 

Material 
Lateral 

size 
Log-normal 

s.d. 
Lateral size 

range 
Thickness 

Log-normal 
s.d. 

Aspect 
ratio 

Bulk 
density 

 L  DL W  α=L/W δ 

 (nm)  (µm) (nm)   (g cm-3) 

FLG1 460 0.90 0.1-8.5 1.6 1.04 287 0.05 

MLG1 415 1.05 0.1-9.5 5.3 0.80 78 0.06 

MLG2 740 0.90 0.1-14.5 12.0 0.70 61 0.05 

MLG3 300 1.20 0.1-25.0 5.6 0.84 53 0.01 

The lateral size distribution (DL) of the graphene-based flakes used as composite fillers is a key 

parameter to consider, especially for gas barrier applications. A large DL range indicates the 

presence of fillers of significantly different sizes (e.g., MLG3 contains flakes from 0.1 to 25.0 μm). 

In the polymer composites, aspect ratio, orientation, and size distribution of the fillers play 
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paramount roles in the packing density of the fillers (i.e., number of fillers per unit area)[48]. An in-

plane orientation of the fillers (see Figure 1a) exhibit improved packing density as compared to the 

randomly distributed fillers (see Figure 1b) and thus, superior gas barrier properties[49]. In the 

graphene-based polymer composites, it is challenging to control the orientation of the fillers, and in 

reality, they are randomly arranged throughout the polymer matrix[50]. Consequently, in a 

randomly arranged system, graphene-based with uniform lateral size and high aspect ratio cannot 

fill up the interspaces between the adjacent flakes, as illustrated in Figure 1b. However, in the case 

of graphene with a broad lateral size distribution such as MLG3, in which small-sized flakes are 

also present, can easily approach the interspaces and make highly tortuous paths for the diffused gas 

molecules (see Figure 1c).   

 

Figure 1. Schematic illustration of the orientation of the fillers inside a polymer matrix having different 

morphologies (lateral size). 

2.3 Preparation of TPU/graphene-based composites 

The TPU pellets were dissolved in 100 mL of CHCl3 at 10 wt.% concentration. The TPU- CHCl3 

mixture was agitated overnight at room temperature using a magnetic stirrer. Then, the graphene-

based powders were dispersed in CHCl3 at 1 wt.% concentration using an ultrasonic bath operating 

at 59 Hz frequency and 100% amplitude for 3 h (SAVATEC, Strumenti Scientific). Subsequently, 

the TPU/graphene-based mixtures were prepared through solution blending as follows, 1, 2, 3, 4, 

and 5 mL of FLG1, MLG1, MLG2, and MLG3 graphene dispersion were mixed with 10 mL TPU 

solution constituting 1, 2, 3, 4, and 5 wt.% concentrated dispersion, respectively. The as-prepared 

TPU/graphene-based dispersions were further sonicated for 2 h and then probe-sonicated (Sonic, 

Smal l s ize flakes

Medium s ize flakes

a) b) c)

Graphene filled polymer fi lm

Graphene with uniform latera l size

Perfectly a l igned fi llers

Gra phene filled polymer fi lm

Gra phene with uniform l ateral size

Randomly a ligned fi llers

La rge s ize flakes

Graphene filled polymer fi lm

Graphene with broad lateral size  distribution

Randomly a ligned fi llers
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Vibra cells, USA) for 30 s operating at 20 kHz frequency and 40% amplitude, before being 

transferred into the polytetrafluoroethylene Petri dishes. A schematic illustration of the fabrication 

process of the TPU/graphene-based composites is shown in Figure 2. The casted dispersions were 

left under aspiration hood overnight. After complete evaporation of the solvent, the as-prepared 

TPU/graphene-based composites were placed into the vacuum oven to remove residual solvents (at 

65 °C and 1 bar vacuum pressure for 30 min). Afterward, the as-prepared TPU/graphene-based 

samples were conditioned at 23 °C and relative humidity (RH) ~65% for 24 h before the 

characterization processes. Selected samples were also hot pressed (Carver Press, TecnoVetro Srl 

Italy) at 130 °C under 3.0 metric tons for 30 min. Hereafter, TPU/graphene-based composites will 

refer to both TPU/FLG and TPU/MLG composites, unless stated otherwise.  

 

Figure 2. A schematic fabrication process of TPU/graphene-based composites.  

2.4 Characterization of the composites 

The cross-sectional morphology of the as-prepared composites was characterized by an analytical 

(low vacuum) scanning electron microscope using a JSM-6490LA SEM (JEOL) operating at 10 kV 

acceleration voltage. The TPU/graphene-based composites were also prepared for the SEM analysis 

with and without TPU skin to analyze the surface and bulk morphologies, respectively. 

Approximately 15 μm TPU skin was removed (see supporting information, Figure S2) using 

Leica UC6 ultramicrotome. The acquired SEM images were further analyzed using the image 

processing and analysis software ImageJ. Raman measurements were carried out using a Renishaw 

InVia micro-Raman spectrometer with a 50× objective (numerical aperture of 0.75), an excitation 
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wavelength of 514 nm line of an Ar+ laser, and an incident power less than 1 mW. Mechanical 

properties of the composites were studied with an Instron dual column tabletop universal testing 

system 3365 (USA) at 50 mm/min strain rate according to ASTM D3505 standard test methods. The 

gas permeability of the as-prepared composites was measured with an Oxysense 5250i device 

(Oxysense) according to ASTM method F3136-15 (ASTM 1989). The test was performed at room 

conditions (23 °C, 50% RH). Ten readings were taken for each sample with a minimum coefficient 

of determination (R2) value of ≥ 0.995. The O2 gas permeability values have been reported in 

mL·micron/m2·day·atm at STP (1 Barrer = 1 × 10-10 cm3·cm/cm2·sec·cmHg or 6.58 × 104 

mL·micron/m2·day·atm at STP)[51,52]. Thermogravimetric analysis (TGA) was performed with a 

TGA Q500 (TA Instruments).  

Through-plane thermal conductivity of the TPU/graphene-based composites was measured using a 

modified transient-plane source technique on a thermal conductivity analyzer (C-Therm 

Technologies, TCi) following ASTM D7984[53,54]. 

3. Results and discussion 

3.1 Scanning electron microscopy (SEM) 

The SEM images of the neat TPU and TPU/graphene-based composites loaded with FLG1, MLG1, 

MLG2, and MLG3 are shown in Figure 3. For brevity, the TPU/graphene-based composites at 4 

wt.% of the filler content are presented herein for comparison purposes. The cross-sectional SEM 

images of the neat TPU and TPU/graphene-based composites appear to be significantly different 

from each other, as shown in Figure 3a-e. The cross-sectional SEM image of the neat TPU 

demonstrates a homogeneous layer of the polymer. On the contrary, the TPU/graphene-based 

composites display different surface topologies depending on the incorporated fillers. The sample 

TPU/FLG1 loaded with 4 wt.% of the FLG shows uniformly dispersed nanofillers, as shown in 

Figure 3b. Since the FLG1 sample has a small lateral size distribution DL ≈ 0.1-8.5 μm and 

thickness 1.6 nm (as compared to MLG3 fillers DL ≈ 0.1-25.0 μm, see Table 1), the graphene sheets 

create a less tortuous network compared to the MLG3 composites (see SEM images, Figure 3e). 
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Also, the TPU composites filled with MLG1 and MLG2 powders display aggregated platelets 

throughout the TPU matrices with several graphene-free TPU regions, as visible in Figure 3c and 

3d. The graphene-free regions lack maze-like paths for gas diffusion and are expected to present 

minimal resistance to the diffused gas molecules resulting in low gas barrier properties, as it will be 

demonstrated lines below. In Figure 3e, the TPU nanocomposite prepared with MLG3, which has a 

broad lateral size distribution (DL ≈ 0.1-25.0 μm and thickness 5.6 nm), shows a higher filler 

packing (as compared to the other multilayer fillers, i.e., MLG1 and MLG2) throughout the TPU 

polymer matrix with 4 wt.% of the fillers. In fact, the MLG3 flakes appear all over the cross-section 

of the composites. An image treatment software was used to determine the fraction area of the 

graphene-based flakes compared to the polymer matrix[55]. The analysis shows that the cross-

section area of the TPU/MLG3 sample (Figure 3e) is composed of 17% of MLG3 fillers. Whereas, 

samples TPU/FLG1, TPU/MLG1, and TPU/MLG2 are composed of 11%, 12%, and 7% of 

graphene-based fillers, respectively (seen Figure 3b-d). The as-prepared TPU composites (at 4 

wt.%) did not show dispersion gradient through the film thickness except the TPU/MLG2 

composite that displayed minor segregation of the fillers towards the bottom part (see supporting 

information, Figure S3). It is also important to note here that the cross-section of the sample 

TPU/MLG3 shows a higher number of graphene-based flakes per unit area (or packing density) 

compared to the other two multilayer fillers (MLG1 and MLG2), creating gas barriers inside the 

polymer matrix. This can be associated with the low bulk density of the MLG3 powder (0.012 

g·cm-3), which is 4 to 5 times lighter than the other fillers (see Table 1). Therefore, the combination 

of low bulk density and broad lateral size distribution of the MLG3 powder results in more 

populated regions inside the composite, which create highly tortuous paths as compared to the 

FLG1, MLG1, and MLG2 fillers.  

SEM analysis of the corresponding top surfaces also shows the surface appearance of the TPU and 

TPU/graphene-based composites. For example, the as-prepared neat TPU shows neither beads nor 

pores, see Figure 3f. However, on filler inclusion, the surfaces of the TPU/graphene-based 
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composites change, see Figure 3g-j. This can only be attributed to the presence of graphene-based 

flakes close to the outermost polymer skin (thickness ~15 μm). Therefore, the incorporated 

graphene flakes are hardly visible in the SEM images in Figure 3g-j. After removal of the TPU 

skin, the graphene fillers become visible (see Figure 3l-o) and show similar dispersion, as seen in 

the cross-sectional images (Figure 3b-e).   

 

Figure 3. Cross-sectional, surface (with TPU skin) and scratched surface (without TPU skin) SEM images of 

bare TPU and TPU composites filled with FLG1, MLG1, MLG2, and MLG3 fillers at 4 wt.% concentration. 

The scale bars represent 10 µm. 

3.2 Spectroscopy 

Raman spectra of the neat TPU and TPU/graphene-based composites at 4 wt.% of filler content are 

shown in Figure 4. The neat TPU displays characteristic peaks at 1300 cm-1 associated with 

urethane linkage (amide III), 1445 cm-1 for symmetric stretching of N=C=O, and two broad peaks at 

2855 cm-1 and 2927 cm-1 assigned to benzene ring vibrations, respectively[16,56]. Upon the 

addition of graphene-based fillers into the TPU matrices, new peaks appear in the spectra. The 

Raman spectrum of graphene-based materials mainly consist of the D (at ~1350 cm-1), G (at ~1580 

cm-1), and 2D band (at ~2720 cm-1) (see more details in Supporting information, section SI-

1)[57–60]. In Figure 4a, all the graphite peaks are present for the four samples, the D band is barely 
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visible (found at ~1345 cm-1) and has been increased ten folds. Besides to the TPU and graphene-

related fingerprints, Raman spectroscopy is used to estimate the dispersion of the few-layer (FLG1) 

and multilayer graphene (MLG1, MLG2, and MLG3) fillers inside the TPU matrix[61,62]. For this, 

Raman mappings are performed on 100 μm × 100 μm scan areas and the intensity ratios of the 2D 

band (I2D) at 2720 cm-1 from graphene and benzene ring (ITPU) at 2855 cm-1 or 2927 cm-1 from TPU 

were used to visualize the graphene distribution into the polymer matrix. Figure 4b shows the 

intensity ratio (I2D/ITPU) maps obtained consisting in regions with I2D/ITPU ˃ 0.75 red-colored and 

I2D/ITPU < 0.35 blue/violet-colored.  

 

Figure 4. a) Raman spectra of the neat TPU and TPU loaded with FLG1, MLG1, MLG2, and MLG3 at 4 

wt.%. Identifications of TPU vibrational modes and, G and 2D bands in graphene structure have been 

included. The spectra are normalized to the benzene bands of TPU. The inset shows the D band ten times 

amplified. b) Filler distribution (red-green) in the TPU polymer (blue-purple) obtained by Raman mapping 

on respective samples at 4 wt.% fillers concentration. All scale bars represent 25 µm. c) Raman spectra of 

the representative colors in the Raman maps.  

In specific, the blue or violet colors in the maps are considered as an absence of the graphene flakes 

(FLG or MLG) on the surface, and green or red colors are related to a surface enriched with them. 

Raman spectra corresponding to each color in the distribution map are shown in Figure 4c. Here it 

is important to note that Raman mappings were performed on scratched surfaces (without TPU 

skin) to analyze the bulk dispersion. As seen in Figure 4b, the TPU/FLG1 sample (at 4 wt.%) 

demonstrates the homogeneous distribution of the graphene-based flakes on its surface. However, 
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the presence of red-green zones with blue regions all around them relates to the small flakes of the 

FLG1 powder (see Table 1). The samples TPU/MLG1 and TPU/MLG2, with 4 wt.% of MLG 

fillers, show higher proportions of the blue-violet colors, indicating graphene-free zones in the bulk 

composites, compared to the other samples. In contrast, the Raman map of the TPU/MLG3 sample 

demonstrates a higher filler population within the TPU matrix at equal concentration. The presence 

of polymer (blue-violet zones) is also visible. However, the overall surface is dominated by large 

graphene regions (red-green zones). The MLG3 sample, due to the large flake size and lateral size 

distribution (DL ≈ 0.1-25.0 μm)  cover the polymer film through flake-to-flake overlying. 

Qualitatively, ~75% surface is covered with MLG3 as quantified by the Raman map of the 

TPU/MLG3 sample. Whereas, the other samples TPU/FLG1, TPU/MLG1, and TPU/MLG2 show 

approximately ~68%, ~25%, and ~10% Raman signatures related to graphene modes, respectively. 

SEM images of the corresponding surfaces (see Figure 3i-o) also demonstrate similar findings and 

thus, validating the Raman mapping results. X-ray photoelectron spectroscopy (XPS) analysis of the 

graphene-based powders shows that the MLG3 sample has a higher amount of oxygenated 

(carbonyl, carboxyl, and carboxylic acid groups) species (~16.6%) and the oxygenated families are 

systematically reduced MLG3>MLG2>MLG1>FLG1 (~6.0%) (see details in supporting 

information, Figure S4 and  Table S1). 

3.3 Mechanical strength 

Thermoplastic polyurethane is a versatile polymer with exceptional physical properties. For 

example, the measurements of pure TPU show elastic modulus, tensile strength, and maximum 

elongation at break of 5.6 MPa, 23.5 MPa, and 560%, respectively, as derived from the stress-strain 

curve in Figure 5. These values are consistent with previous studies[17,30]. The stress-strain 

properties of the TPU/graphene-based composites are also shown in Figure 5. For brevity, only two 

sets of the composites are given, namely TPU/FLG1 and TPU/MLG3, with different concentrations 

of the fillers, which are the ones with best fillers dispersion according to SEM imaging and Raman 

mapping. As shown in Figure 5a, when FLG1 is used at 1 wt.%, the TPU/FLG1 nanocomposite 
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demonstrates 34% and 162% improvements in tensile strength and Young modulus, respectively. 

The ultimate tensile strength increased from 23.5 MPa (for neat TPU) to ~30.9 MPa, while the 

Young modulus reached 14.7 MPa, starting from a value of 5.6 MPa. At this concentration, the 

maximum elongation at break of the TPU/FLG1 composite does not show any reduction, as seen in 

Figure 5a. However, at higher concentrations of FLG1 fillers, i.e., 4 wt.% and 5 wt.%, the 

maximum elongation at break is reduced from 560% to 509% and 484%, respectively, while the 

Young modulus of these samples remain in a similar range (15.0-19.0 MPa), as shown in Table 2. 

 

Figure 5. Stress-strain properties of the a) TPU/FLG1 and b) TPU/MLG3 composites at different filler 

contents. Neat TPU also has been included for comparison purposes.  

Inversely, when TPU polymer is filled with MLG3 at different concentrations, the Young modulus 

of the as-prepared composites is increased significantly compared to the bare polymer. For 

example, at 1, 2, 3, and 4 wt.% of the MLG3 samples, the Young modulus is increased from 5.6 

MPa (for pristine TPU) to 10.5, 17.9, 20.7, and 30.4 MPa, respectively (see Table 2). As indicated 

by the XPS analysis, the oxygenated moieties are present in large quantities in the MLG3 (~16.6%) 

and  interact with the amine (N-H) groups of polymeric matrix (TPU) through H-bonding (see 

supporting information section SI-4, Figure S5), resulting in a significant improvement in the 

Young modulus of the respective composites[63,64]. However, contrary to the TPU/FLG1 

composites, the TPU/MLG3 ones show a decrease in ultimate tensile strength and maximum 

elongation at break. For example, the ultimate tensile strength and maximum elongation at break are 

reduced from 23.5 MPa and 560% (for neat TPU) to 14.9 MPa and 360% respectively, for 4 wt.% 
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of MLG3, as summarised in Table-2. This corresponds to ~35% reduction in the respective 

mechanical properties. Moreover, the stress at a given strain in the TPU/MLG3 composites is 

always lower than that of the TPU/FLG1 composites (see Figure 5). This can be attributed to the 

multilayer graphene structure (˃ 8 layers in MLG3, see Table 1) and reduced stress transfer 

between the graphene layers[41,65]. It is also well accepted in literature that at fillers concentration 

> 1 wt.%, the Young modulus of the material increases, whereas, maximum elongation at break 

and, sometimes, ultimate tensile strength decays[6,29,41]. Further loading of the MLG3 graphene in 

the TPU polymer displayed a higher loss in mechanical strength and elongation values. For 

instance, the ultimate tensile strength is reduced to 9.0 MPa at 5 wt.% concentration of MGL3. For 

the same TPU/MLG3 nanocomposite, the maximum elongation at break is reduced to 186%. This 

significant decrease in the mechanical strength and maximum elongation at break of the 

TPU/MGL3 composites is associated with the large platelet size as well as the high filler contents 

(due to low bulk density) at this concentration[6,66,67]. Although the TPU/graphene-based 

composites (filled with FLG1 and MLG3) show substantial improvement in Young's modulus, the 

ultimate tensile strength and maximum elongation at break of the TPU/MLG3 composites show 

degradation as compared to the TPU/FLG1 composites. These composites (TPU/FLG1 and 

TPU/MLG3) can be used for packaging applications (food and electronics) in the form of multilayer 

structures[20].    

Table 2. Summary of mechanical properties of the TPU/FLG1 and TPU/MLG3 composites. 

Graphene-

based flakes 

concentration 

Young Modulus 

(St. dev. ± 1.0 MPa) 

Tensile strength 

(St. dev. ± 1.0 MPa) 

Maximum elongation at break 

(St. dev. ± 10%) 

(w/w) FLG1 MLG3 FLG1 MLG3 FLG1 MLG3 

% (MPa) (MPa) (MPa) (MPa) % % 

0 (Neat TPU) 5.6  5.6 23.5 23.5 560 560 

1 14.7  10.5 30.9 24.9 573 546 
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2 14.6  17.9 34.8 16.5 561 393 

3 16.0  20.7 34.0 14.8 546 379 

4 15.9  30.4 32.1 14.9 509 360 

5 18.7  46.0 30.7 9.0 484 186 

 

3.4 Gas barrier properties 

Similar to other semi-crystalline polymers, the gas permeability of the neat TPUs depends on 

solubility and diffusion coefficients of gas in the TPU film[51,68]. The chemical/physical 

composition of the TPUs (e.g., hard/soft segments ratio, degree of cross-linking, etc.) plays an 

essential role in gas transportation[20]. When the TPU film is filled with impermeable nanofillers 

such as graphene-based flakes[69], gas solubility and diffusion coefficients of the TPU films are 

primarily influenced by the geometry and concentration of the nanofillers[34,35]. Therefore, in this 

study, four different graphene-based powders have been used to investigate the effect of lateral size 

(L), flake size distribution (DL), and graphene-based flakes concentration on O2 gas permeability of 

the TPU composites. Figure 6a shows O2 gas permeability of the corresponding TPU/graphene-

based composites as a function of the concentration of the filler. The neat TPU film shows a gas 

permeability of 144,846.44 mL.micron/m2.day.atm (corresponding to 2.20 Barrer). All the TPU 

composites having different fillers demonstrate improved gas barrier properties compared to the 

neat TPU. For example, the TPU composites loaded with FLG1 display 20% and 39% reduction in 

O2 gas permeability at concentrations of 1 wt.% and 4 wt.%, respectively. Similarly, when MLG1 is 

used, the prepared nanocomposite with 1 wt.% loading exhibits more than 50% reduction in the gas 

permeability, as shown in Figure 6a. However, further increase (up to 5 wt.%) of the MLG1 

content did not produce any substantial improvement in the gas barrier properties. 
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Figure 6. a) O2 gas permeability of the TPU polymer filled with graphene-based flakes of different 

morphologies (FLG1, MLG1, MLG2, and MLG3). The dotted line represents the gas permeability of the 

TPU/MLG3 composites calculated with modified Nielsen's model [34,70]. SEM images of sample 

TPU/MLG3 b) before and c) after hot pressing. Hot pressing conditions are 3.0 metric tons pressing force, 

150 °C temperature, and 30 minutes pressing time. 

Gas barrier properties of the TPU/graphene-based composites prepared with the other MLG, 

namely MLG2 and MLG3, are also shown in Figure 6a. The TPU composites loaded with MLG2 

show similar reduction in the gas permeability as the MLG1. It is noteworthy that, although there is 

a variation in the morphology of the flakes in FLG1, MLG1 and MLG2, the bulk densities and 

lateral size distributions are almost in the same range (i.e., 0.04-0.06 g cm-3, DL ≈ 0.1-14.5 μm, see 

Table 1). In contrast, when TPU is loaded with MLG3 having DL ≈ 0.1-25.0 μm and bulk density 

0.012 g cm-3, the O2 gas permeability is reduced from 144,846.44 mL.micron/m2.day.atm (for neat 

TPU) to 38,999.66 mL.micron/m2.day.atm (or 0.59 Barrer) at 4 wt.% concentration, corresponding 

to 73% reduction. The MLG3 flakes have a broader size distribution with larger flakes  (i.e., 25.0 

μm) compared to other fillers (≤ 14.5 μm). Therefore, it can be established that the substantial 

increase in the O2 gas barrier properties of the TPU/MLG3 composites is attributed to several 

factors, i.e., good dispersion, low bulk density, and broad size distribution of the fillers[52,71]. 

Further reduction in the gas permeability was also noticed at 5 wt.% of the MLG3 powder. 

However, at this concentration (i.e., 5 wt.%) the tensile strength and maximum elongation at break 
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of the TPU/MLG3 composite are reduced by ~ 61% and ~ 66%, respectively, compared to the neat 

TPU as seen in section 3.3.  

To achieve high barrier properties without a substantial decrease (˃ 35%) in the mechanical 

properties, the as-prepared TPU/MLG3 nanocomposite at 4 wt.% filler content was hot-pressed 

instead. The TPU/MLG3 composite was hot-pressed at 150 °C under 3.0 metric tons pressing force 

for 30 min. The hot-pressed TPU/MLG3 nanocomposite exhibited 8% further improvement in the 

gas barrier properties, leading to 81% total reduction in the O2 gas permeability (corresponding to 

27,520.82 mL.micron/m2.day.atm or 0.42 Barrer). Likewise, the TPU composites filled with the 

other few-layer (FLG1) and multilayer graphene (MLG1 and MLG2) flakes also demonstrated 8-

10% enhancement in gas barrier properties after hot pressing (see supporting information, Figure 

S6). The cross-sectional SEM images of the TPU/MLG3 nanocomposite (at 4 wt.%) before and 

after hot pressing are shown in Figure 6b-c. It is clear from the SEM images that the graphene-

based flakes are randomly distributed in the as-prepared TPU/MLG3 nanocomposite, whereas, the 

hot-pressed sample demonstrates an in-plane alignment of the flakes. Consequently, the hot-pressed 

composites, TPU/FLG1 and TPU/MLG3, also exhibited 8% and 30% improvement in tensile 

strength as compared to the as-prepared samples, respectively. However, the Young modulus and 

maximum elongation improved only slightly (see supporting information, Figure S7). 

For the theoretical estimation of the permeability profile of the TPU/graphene-based composites, a 

modified Nielsen's model was also used [34,70]. According to the modified Nielsen's equation, 

relative permeability (P/P0) of a polymer film filled with platelet fillers can be defined as,  

�/�� =
����

�	



��
(��	

�

�
)��

   (I) 

In which, P is the permeability of the filled polymer, P0 is the permeability of the pristine polymer, 

α is the aspect ratio of the fillers (L/W), ΦF is the volume fraction of the fillers,  φm is the volume 

fraction of the matrix,  N is the average number of graphene layers in a flake, and S' is the 

orientation of the fillers inside the polymer matrix (where S' = 0 for randomly oriented fillers and S' 
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= 1 for highly in-plane oriented fillers). The detailed information on the modified Nielsen's model 

and calculated permeability profiles of all TPU/graphene-based composites filled with FLG and 

MLG fillers are presented in the supporting information section SI-7 and Figure S8. Herein, the 

calculated permeability profile of only TPU/MLG3 at different filler contents is plotted in Figure 

6a. The theoretical results of the gas barrier properties of the TPU/MLG3 composites calculated 

from equation (I) reside close to the actual experimental results, as shown in Figure 6a. To 

estimate their statistical correlation, a two-sample t-test was also used to calculate the p-

value[40,72]. The two data sets (theoretical and experimental) are considered to be significantly 

different when p-value < 0.05 (see further details in supporting information, section SI-8). 

Herein, the calculated p-value ~ 0.67 suggests the two permeability profiles (experimental and 

calculated) have a strong correlation and are not significantly different from each other. Therefore, 

low-quality MLG nanoplatelets with broad size distribution (for example, MLG3) can be regarded 

as ideal fillers to improve the gas barrier properties in the industrial packaging materials. 

Consequently, the TPU/MLG3 nanocomposite at 4 wt.% with Young modulus, tensile strength, and 

maximum elongation at break of ~30 MPa, ~15 MPa, and 358%, respectively, together with 81% 

reduction in oxygen gas permeability is suitable for multilayer packaging materials. 

3.5 Thermogravimetric analysis 

Thermal degradation of the urethane polymers occurs in two stages, corresponding to dissociation 

of the urethane linkage and then degradation of the polyol segments[73,74]. Initially, in the 200 – 

250 °C temperature range, the self-coupling of isocyanate groups to form dimers and trimers has 

also been observed[29,75]. Afterward, at a higher temperature, i.e., 300-375 °C, the first primary 

degradation process starts. This corresponds to cleavage of the urethane bonds to form isocyanates, 

polyols, and other nitrogen-containing products such as acetonitrile and acrylonitrile to name a 

few[75]. Whereas the second stage degradation of the polyol segments starts in the 380-410 °C 

temperature range, as shown in Figure 7a. After the inclusion of graphene-based fillers at 4 wt.%, the 

thermal stability of the TPU polymer appears to be improved at both degradation stages. For 
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example, the onset temperature T10% (temperature for 10% weight loss) of the composites is ~ 20 °C 

higher than that of the neat TPU in the first degradation step. Meanwhile, the onset temperature 

T80% for the second step of degradation for the composites is shifted towards higher temperatures by 

10 to 15 °C, depending on the type of graphene-based flakes. Additionally, the rate of weight loss 

(weight derivative) is also slow at the second stage of degradation, as shown in Figure 7a.  

The TPU nanocomposites loaded with 4 wt. % FLG1 are the only ones that display reduced thermal 

stability at this concentration with respect to neat TPU. Nevertheless, at higher FLG1 graphene 

loading of 5 wt. % the nanocomposites show comparable thermal stability to the neat TPU (see 

supporting information, Figure S9). In the case of MLG fillers, the overall thermal stability of all 

the nanocomposites is improved with respect to neat TPU. The impermeable graphene fillers 

obstruct the emission of the gaseous molecules produced during the pyrolysis of the TPU chains 

and result in the reduced degradation rate[76]. The residual percentage in Figure 7a also confirmed 

the nominal loading of the flakes (i.e., 4 wt.%) in the TPU/graphene-based composites. 

 

Figure 7. a) Thermogravimetric analysis of neat TPU and TPU with different graphene-based fillers at 4 

wt.% loading. b) Enhancement in thermal conductivity (k) of the TPU/graphene-based composites. 

3.6 Thermal conductivity 

The enhancement in thermal conductivity (or relative thermal conductivity k/ko) of the 

TPU/graphene composites is plotted against filler content in Figure 7b. To achieve this, coin-

shaped samples (thickness ≈ 3 mm and diameter ≈ 20 mm) were prepared. After the flakes 
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inclusion, the thermal conductivity of the neat TPU is improved from ko ≈ 0.26 ± 0.01 W m-1K (for 

unfilled samples) to 0.31 ± 0.01, 0.32 ± 0.01, and 0.33 ± 0.02 W m-1K at a concentration of 4 wt.% 

for FLG1, MLG1, and MLG2 corresponding to an increase of 19% (k/ko ≈ 1.19), 23% (k/ko ≈ 1.23), 

and 27% (k/ko ≈ 1.27), respectively. On the other contrary, the composite incorporating MLG3 

demonstrates a significant increase in thermal conductivity reaching 0.74 ± 0.04 and 0.81 ± 0.01 W 

m-1K at 4 wt.% and 5 wt.% corresponding to an improvement of 184% (k/ko ≈ 2.84) and 211% (k/ko 

≈ 3.11), respectively, as shown in Figure 7b. The lower thermal conductivities of the 

TPU/graphene-based composites filled with FLG1, MLG1, and MLG2 fillers compared to the 

MLG3 one could be due to the small size of the graphene flakes and their arrangement in the 

composites (See SEM images in Figure 3 and Raman maps in Figure 4b), lacking in connectivity 

of the flakes[77]. This causes poor thermal transportation as well as gas barrier properties, as seen 

in the previous section 3.4.  

The exploitation of MLG3, with large lateral size and broad size distribution (DL ~ 0.1-25.0 μm) of 

the flakes, allows the optimization of the packing density throughout the TPU matrix and enhances 

the thermal conductivity of the final nanocomposite in addition to its gas barrier properties[6,43]. 

The mechanical properties of the sample TPU/MLG3 at 4 wt.% (elongation at break 360% and 

ultimate tensile strength 15 MPa).  

4. Conclusion 

In this work, the effect of the morphology (lateral size and size distribution) of graphene-based 

fillers is investigated on the gas barrier, mechanical, and thermal properties of the TPU composites. 

In this regard, few-layer graphene and three multilayer graphene powders are used. The 

TPU/graphene-based composites are prepared through the solution blending technique. The 

composite prepared with multilayer graphene (MLG3) having lateral size distribution between 0.1-

25.0 μm demonstrated more than four times enhancement in the Young modulus and approximately 

three times improvement in thermal conductivity at 4 wt.% of the filler content, compared to the 

neat polymer. Moreover, the same composite exhibited ~81% reduction in O2 gas permeability after 

Jo
urn

al 
Pre-

pro
of



20 

 

hot-pressing. In contrast, when few-layer graphene or multilayer graphene powders with narrow 

size distributions are incorporated into the TPU matrix, the gas barrier and thermal properties are 

inferior compared to the ones obtained with the larger flakes. The prepared multilayer graphene-

based composites with enhanced O2 gas barrier, mechanical, and thermal properties have been 

envisioned for packaging applications.  
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