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Abstract 

Freestanding nacre-like composite films based on alpha-Zirconium phosphate (α-ZrP) and 

poly(etheramine) were prepared by casting from water. The α-ZrP nanoplatelets self-

assemble and organise to produce a unidirectional nanoplatelet layered structure with the 

poly(etheramine) acting as both an exfoliating agent and binder for neighbouring 

nanoplatelets. The terminal amine binds to the α-ZrP through a cationic exchange reaction 

and once ionically bound, the hydrophobic polyether chain repels the adjacent α-ZrP sheet 

aiding effective exfoliation. Consequently, the spacing between nanoplatelets increases with 

increasing poly(etheramine) content. The resultant nacre-like structures can dissipate energy 

via different mechanisms such that when under tensile or compressive loading significant 

increases in mechanical properties are possible. Several mechanical property improvements 

(with respect to the 95:5 composition) were achieved, including a 44- and 200-fold increase 

in reduced Young’ modulus (Er) and Hardness (H) (from nanoindentation measurements) 

and, 341% in tensile modulus E, (83:17), 572% in tensile strength σ, (77:23), 707% in 

maximum strain ε  (71:29) and 3981% in tensile toughness UT, (71:29) (from tensile testing). 

The barrier performance, to water vapour, of these freestanding nacre-like films per unit 
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thickness was comparable to several polymers, such as EVOH, Nylon 6,6 and poly(lactic 

acid)(PLA). 

*Corresponding Author: t.mcnally@warwick.ac.uk (Tony McNally) 

1. Introduction 

Nature continues to be a source of inspiration for researchers due to the variety of 

material morphologies and unique properties that have evolved over time.1-3 An excellent 

example of these is nacre and research interest in this material has grown significantly in 

recent years. Nacre is an inorganic-organic composite material found in the shell of some 

molluscs constructed from layered calcium carbonate nanoplatelets and proteins. Alone, the 

calcium carbonate structure is very weak and so the layers are bonded together using a 

biopolymer, a protein.4 Naturally, nacre consists of a minimum of 95% by volume of the 

inorganic phase with the biopolymer (organic phase) and water making up the remaining 5%. 

It is due to the unidirectional arrangement of the calcium carbonate nanoplatelets bound by 

proteins that the ‘brick-and-mortar’ metaphor is used to describe nacre morphology. It is 

widely acknowledged that the strong cooperative effects between the rigid nanoplatelet phase 

and the softer biopolymer phase result in remarkable mechanical properties,5 achieved by 

providing the material with a range of different mechanisms to dissipate energy that 

ultimately increases the total energy that can be absorbed.6, 7 Researchers are able to replicate 

these materials through intelligent selection of the two components and innovative production 

methods. Essentially, it is important to select nanoplatelet and polymer phases with 

complementary interactions to allow penetration of the polymer between the nanoplatelet 

layers. This has been attempted with a range of nanoplatelet types8-13 and polymer 

materials14-18 but, significantly more combinations are possible. Production of these films can 

be simple and often results in materials with very interesting properties.  
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Zirconium phosphate is an inorganic platelet material that can be prepared having 

different morphologies. Of these, the alpha form (α-ZrP) is most common and produced 

through a reflux treatment of zirconium and phosphate salts.19-22 The alpha form is organised 

in a layered arrangement where the zirconium ion sits out of the ab plane in an alternating 

‘above’ and ‘below’ conformation.23 The four oxygens on each phosphate are bound to three 

different Zr ions forming an octahedral structure. The fourth oxygen points towards the 

interlayer region at ninety degrees from the plane where it then forms a hydrogen bond with a 

water molecule in the interlayer cavity. Research into α-ZrP is wide with significant interest 

focused on the intercalation of molecules between the α-ZrP sheets24, 25 and the chemical 

functionalisation possible at these sites.19, 26, 27 There are also reports of composite materials 

consisting of unidirectional α-ZrP layers within a polymer matrix28-30 or in mono- or multi-

layer films laid onto substrate surfaces.19, 25, 27, 31-33 Despite the wealth of research into α-ZrP, 

there are no reports on freestanding nacre-mimetic materials using these nanoplatelet 

precursors. Waraich et al. reported the production of a nacre-mimetic material using α-ZrP 

and chitosan.34 In this work, the authors employed a layer-by-layer (LbL) approach allowing 

high levels of control over the number of bi-layers present in the final material. From 

nanoindentation measurements a Young’s modulus of 2.6 GPa and a hardness of 70 MPa was 

achieved however, further tensile mechanical testing could not be completed. Similar work 

by Han et al. explored a LbL approach to produce α-ZrP nacre-mimetic films supported on 

polymer films with studies focusing on barrier properties towards both oxygen and 

vanadium.35, 36 

In this work, we report for the first time the production of freestanding nacre-like films 

based on α-ZrP through a simple water casting approach. Using this method, relatively 

transparent films can be produced and tested using universal mechanical testing equipment. A 

commercial and inexpensive poly(etheramine) is used to intercalate into the α-ZrP interlayer 
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through ionic-exchange, thus promoting exfoliation and assembly of the layers to form a 

nacre-like structure. The poly(etheramine) resides in between the layers and also acts as a 

binder to promote the film formation. The α-ZrP platelet:polymer weight ratios were 

optimised. The morphology of the resulting nacre-mimetic composites is observed through 

cross-section scanning-electron microscopy (SEM) to confirm the formation of unidirectional 

layered structures. The interlayer distance is determined from X-ray diffraction (XRD), 

thermal stability using thermo-gravimetric analysis (TGA) and mechanical properties 

measured using both tensile testing and nanoindentation. The water vapour transmission rates 

(WVTR) of the films were evaluated. Such films may have applications in armour,37 glass-

reinforcement38 and blast protection,39 amongst many others. 

2. Experimental 

2.1 Materials 

The α-ZrP nanoplatelets were kindly supplied by the Sunshine Chemical Factory 

Company, Chengdu, P.R. China and used as received. Poly(etheramine) (Jeffamine M600) 

having a polyether backbone of propylene oxide and ethylene oxide in a ratio of 9:1, with an 

approximate molecular weight of 600,  was purchased from Merck and used as received. 

2.2 Methods 

Nacre-like films were produced by first adding α-ZrP (≈500 mg) to deionized water 

(50 cm3). A 10 wt% solution of Jeffamine M600 (JA) was produced by dissolving JA (1 g) in 

deionized water (9 g). The required weight of JA solution was then added to the α-ZrP 

mixture. The resulting mixture was stirred for 2 hours before being cast into a polystyrene 

petri-dish and allowed to dry overnight in a fan-assisted oven at 40 °C. Once dry, the films 

were peeled from the substrate prior to analysis. 

2.3 Characterisation 
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Fourier-transform infrared (FTIR) spectra were recorded on a Bruker Spectrometer with a 

scan range from 500 cm-1 to 4000 cm-1. Scanning Electron Microscopy (SEM) micrographs 

were obtained using a Zeiss Sigma instrument using an InLens detector at 10kV. The samples 

were sputter coated using an Au/Pd target. Raman spectroscopy was completed on a 

Renishaw inVia Raman microscope instrument, using a 532 nm laser in the wavenumber 

range 100 and 1500 cm-1 with a 10-second exposure time, 15 accumulations and the laser 

power set at 10%. XRD measurements were made using a third generation Malvern 

Panalytical Empyrean instrument equipped with multicore (iCore/dCore) optics and a 

Pixcel3D detector operating in 1D scanning mode. A Cu tube was used giving Cu Kα1/2 

radiation (1.5419 Å) and a beam knife was used to reduce air scatter at the low angles. Scans 

were recorded in the range 5 – 70 °2θ with a step size of 0.0131° and a counting time of ~ 

130 s/step. Thermo-gravimetric analysis (TGA) measurements were completed using a 

Mettler Toledo TGA1-STARe system under a gentle flow of nitrogen (40-60 cm3/min). 

Samples (6-10 mg) were loaded into 70 µL alumina pans and heated from room temperature 

to 800 °C at a constant rate of 10 K/min. Tensile testing was completed using an Instron 

5800R machine equipped with a 500N load cell and an extension rate of 1 mm/min. Test 

specimens were cut into rectangular strips of width 10 mm and length 40 mm using a razor 

blade. The thicknesses of the films used was the average of ten (10) measurements made by 

cross-sectional SEM analysis. The tensile mechanical properties were calculated from an 

average of five (5) specimens and all tests were completed at room temperature. The Young’s 

modulus was calculated from the gradient of the linear region of the stress-strain curves and 

the tensile toughness calculated from the area under the stress-strain curves. Nanoindentation 

measurements were performed using a nanoindentation instrument (Micro Materials Ltd, 

UK) with a standard Berkovich indenter, which simultaneously measures force and 

displacement. Measurements were made for each sample at 25 points to a maximum load of 
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5mN. Deformation of less than 15% of the film thickness was achieved for all samples 

(except 95:5), avoiding the substrate influencing the results. Reduced Young’s modulus (Er) 

and hardness (H) were derived from the loading-unloading curve according to the Oliver and 

Pharr method.40 Water vapour transmission rate (WVTR, expressed as g m‒2 24h‒1) was 

determined according to the standard method of ASTM F1249 at 38° C and 90% RH. All the 

tests were carried out with a carrier flow (N2) of 10 mL min‒1 and at 59.04 mbar vapour 

partial pressure difference on the two sides of the specimen. To reset any difference in the 

transmission rate (TR) values possibly arising from different thicknesses, TR values were 

converted to a permeability coefficient (P′WV coefficients, respectively) according to 

equation 1:41  

P�G = PG × t =
GTR

∆p
× t         (1) 

where, P′G is the vapour permeability coefficient (cm3 µm m-2 24h-1 atm-1), PG, is the 

permeance (defined as the ratio of the GTR to the difference between the partial pressure of 

the vapour on the two sides of the film, ∆p), and t is the total thickness of the material. 

3. Results and Discussion 

FTIR spectroscopy was used to confirm the functional groups present on the α-ZrP 

(Figure 1 a)). The symmetric P-O stretches of the phosphate group are at 955 cm-1 and 1016 

cm-1 with the asymmetric stretches of the same bond at 1068 cm-1 and 1159 cm-1. The P-O-H 

bending vibration is at 1249 cm-1, the remaining peaks assigned to water in different 

configurations. The bending, symmetric and asymmetric vibration peaks of bound water in 

the interlayer space are at 1617 cm-1, 3508 cm-1 and 3586 cm-1, respectively. The broad peak 

at 3127 cm-1 corresponds to the stretching vibration of water molecules, most likely adsorbed 

on the α-ZrP sheets via hydrogen bonding.25, 26, 42 
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Figure 1. a) FTIR spectrum of the α-ZrP used in this study. (i- and h- correspond to interlayer 

and hydrogen-bonded), b) Raman spectrum of α-ZrP. (i- and o- correspond to in-plane and 

out-of-plane), c) XRD pattern of α-ZrP with relevant unit cell Miller indices (hkl) and d) 

SEM image of α-ZrP nanoplatelets. 

 

The Raman spectrum for α-ZrP is shown in Figure 1 b) and the relevant peak 

assignments listed in Table 1. The spectrum displays an intense peak at 1053 cm-1 that 

corresponds to the symmetric stretch of the phosphate group.43 A ‘scissor’ stretching 

vibration is also present at 291 cm-1. Peaks for the asymmetric stretching mode are at 1082 

cm-1 and 1140 cm-1 with a rotational vibration present at 209 cm-1. In-plane and out-of-plane 
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stretches of the P-O-H groups are at 960 cm-1 and 985 cm-1. Finally, a rotational vibration 

mode of trapped water is at 416 cm-1.44  

Table 1 – Raman peak assignments.44 

Wavenumber (cm-1) Functional group Mode  
209 PO4 rotation  
291 PO4 stretch ‘scissor’ 
416 H2O rotation  
536 PO4 stretch ‘umbrella’ 
588 PO4 stretch ‘umbrella’ 
960 POH stretch in-plane 
985 POH stretch out-of-place 
1053 PO4 stretch symmetric 
1082 PO4 stretch asymmetric 
1140 PO4 stretch asymmetric 

 

The XRD pattern of the α-ZrP nanoplatelets is shown in Figure 1 c). Using the 

measured diffraction angle, 2θ, the interlayer spacing (d) of a crystalline material can be 

calculated using Bragg’s Law, nλ = 2dsinθ (where λ = 1.541 Å). In turn, if the unit cell is 

known, d can be used to determine the cell dimensions. It has been reported previously that 

the unit cell dimensions of monoclinic α-ZrP vary depending on crystallinity.45 This can be 

observed through variation in interlayer distances and more simply through the ratio of 

intensities of the hkl = 002 and 204 peaks (I002:I204).
44 More crystalline α-ZrP displays a more 

intense hkl = 002 peak due to preferred orientation of particles increasing reflection at this 

angle. From the XRD spectrum, the peaks expected for α-ZrP are all observed and can be 

assigned below 2θ = 30°.44, 46 The I002:I204 ratio is approximately 3:1 which is comparable to 

the work by Ahrland et al.46 and shows an increase in that reported by Slade et al.44  

SEM imaging of α-ZrP shows the morphology of the nanoplatelets (sheets) and 

average lateral dimensions, Figure 1 d). The α-ZrP nanoplatelets have rounded edges and 
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what appears to be a heavily geometric shape.26 The lateral dimensions were determined from 

the average measurements of 250 platelets and found to be 1.27 ± 0.43 µm.  

Freestanding nacre-like films based on α-ZrP and poly(etheramine) were produced via 

a simple method by casting from aqueous dispersion. The α-ZrP nanoplatelets were first 

submerged in deionized water and then Jeffamine M600 (JA) added. JA loadings (by weight) 

were chosen at 1, 5, 9, 17, 23, 29 and 33 wt% to explore the ratios observed in nacre but also 

at higher polymer loadings to assist exfoliation and in turn improve the homogeneity of the 

films produced. The polyetheramine (JA) has a single amine group on one terminus of the 

chain. The surface of α-ZrP is known to be have excellent ion exchange capabilities.31 During 

the exfoliation process, the terminal amine is able to bind to the α-ZrP through a cationic 

exchange reaction. Once ionically bound, the hydrophobic polyether chain repels the adjacent 

α-ZrP sheet aiding effective exfoliation. Examples of these films are shown in the 

photographs in Figure 2 a) through f). The films produced with 1wt% JA proved extremely 

brittle and so couldn’t be tested using the same methods as the other films. It should be noted 

the films begin to become optically transparent at ≥17 wt% JA, which may be useful in 

certain applications. 
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Figure 2. Digital photographs of nacre-like α-ZrP-JA films. (JA loadings are equivalent to 

a) 5 wt%, b) 9 wt%, c) 17 wt%, d) 23 wt%, e) 29 wt% and f) 33 wt% (all films are 

approximately 100 mm in diameter) and, cross-section SEM images of α-ZrP films. (JA 

loadings are equivalent to g) 5 wt%, h) 9 wt%, i) 17 wt% and j) 23 wt%), k) 29 wt% and l) 

33 wt%. 
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Cross-sections of the nacre-like films were imaged using SEM and confirmed a self-

assembled unidirectional layered structure. Figure 2 g) through l) shows representative SEM 

images that show clearly the arrangement of nanoplatelets along a single plane with multiple 

layers. At lower α-ZrP weight loadings, the layered structure appears less well defined with 

regions of platelets oriented in different directions. This is likely due to the α-ZrP platelets 

being less well exfoliated at low JA content. At high ‘polymer’ content, the volume of JA 

promotes better exfoliation and so in turn improves homogeneity of the dispersion before 

casting and yields more organised films, Figure 2 i) – l). For samples with low JA content, 

the JA does not effectively exfoliate portions of the α-ZrP sheets. As a result, during the self-

assembly process, different regions of exfoliated and un-exfoliated α-ZrP result, giving rise to 

the in-homogeneities observed.  

The XRD spectra of the nacre-films provide some interesting insights (Figure 3). As 

is expected, the hkl = 002 peak is observed due to the layered arrangement within the α-ZrP 

nanoplatelets. Interestingly, a second peak is observed at 2θ = 8-9° that increases in intensity 

and shifts to lower 2θ with increasing JA content. This corresponds to an increase in the d-

spacing (Table 2), derived from the larger volumes of JA penetrating between the α-ZrP 

layers. The increase in the intensity of this peak corresponds to well-exfoliated regions of the 

nacre-like films and correlates with increasing JA content. This suggests the increase in 

interlayer spacing is proportional to the volume of JA in the material and not simply because 

it is present. Poorly exfoliated α-ZrP domains have no distinctive peak, which is symptomatic 

of a lack of homogeneity that is undetected by XRD. Combined, the XRD data and cross-

sectional SEM images confirm that at low JA content (<9 wt%), the films consist of a poorly 

assembled layered material. In contrast, at higher JA content (>9 wt%) the, α-ZrP is highly 

exfoliated and self assembles into homogeneous nacre-like films with increased interlayer 

distances. 

Jo
urn

al 
Pre-

pro
of



 

Figure 3. XRD spectra of the α-ZrP-JA nacre-like films. Legend: ratio of α-ZrP:JA. 

Table 2. d spacings of α-ZrP-JA films determined the peak at 2θ = 8-9° from Figure 3. 

Sample 95:5 91:9 83:17 77:23 71:29 67:33 
d spacing (nm) no peak no peak 1.003 1.008 1.025 1.025 

 

The thermal stability of the films was analysed using TGA, Figure 4. The initial 

weight loss that can be assigned to the evaporation of interlayer water. The films are all stable 

until approximately 300 °C at which point the organic JA polymer begins to degrade.47 The 

α-ZrP is much more stable and is not fully degraded, even at 800 °C as has been reported 

previously.48 Critically, with degradation only beginning at close to 300 °C, these films show 

good thermal stability and will remain stable in a wide range of engineering environments 

and applications. 
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Figure 4. TGA weight loss curves for different αZrP:JA films. 

The tensile mechanical properties of the α-ZrP-JA nacre-like films were determined to 

assess viability for use in engineering applications (Figure 5 and Table 3). Waraich et al. 

were able to complete nanoindentation measurements on polymer supported α-ZrP films but 

did not report quasi-static tensile properties.34 Due to the lack of any relevant literature, it is 

impossible to compare the results of this work to any previous examples. The values obtained 

for the different mechanical properties are a benchmark for similar materials developed in the 

future. The Young’s modulus of 7.81 ± 2.01 GPa for 83:17 (α-ZrP:JA) was 341% greater 

than that achieved for the 95:5 film. It has been previously reported that an increase in 

modulus can be related to the effective stiffening of the polymer phase when incorporated 

into a material having very high nanofiller content.49 As the polymer phase penetrates 

between the nanoplatelet layers, its mobility is constrained by neighbouring nanoplatelets. 

This has a stiffening effect on the polymer chains reducing thermal motion and increases 

resistance to tensile deformation. When coupled with favourable interactions between the 

nanoplatelet and polymer phases, the composite becomes more rigid and results in an 

increase in Young’s modulus. Above 83:17, the modulus reduces with increased JA loading. 

XRD confirmed an increase in interlayer distance for higher JA loadings and thus confirmed 
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increased JA content separates the α-ZrP nanoplatelets. It appears that after a critical JA 

loading, the increased interlayer distance results in a reduction in the stiffening effect as the 

polymer phase is no longer constrained as strongly by neighbouring α-ZrP nanoplatelets. 

With increased mobility, the overall stiffness of the material decreases and thus a reduction in 

modulus results. 

Similarly, an increase in tensile strength (σ) is obtained however, the maximum σ 

value was recorded for the 77:23 material. For this ratio, a tensile strength of 13.96 ± 1.73 

MPa was achieved, an increase of 572% over the 95:5 sample. The common failure 

mechanisms for nacre-mimetic materials are platelet fracture or yielding of the soft interfaces 

(i.e. the polymer phase).50 Despite the low loading of polymer in these materials, its 

behaviour is critical in determining properties. At low JA loadings, yielding of the soft phase 

occurs through cleavage of polymer and nanoplatelet interactions. Interfacial interactions 

between the nanoplatelet and polymer phases are more numerous with increasing JA loading 

due to an increase in binding sites and, an increase in tensile strength results. This is 

confirmed from the SEM (Figure 2) that displays increasingly amorphous surfaces of the α-

ZrP at high JA loading. The amorphous surface morphology is directly related to the 

increased volume of polymer adhering to the α-ZrP surface due to the increased interactions 

with JA. Above 77:23, polymer-polymer interactions become more common and the yielding 

of the soft phase becomes dependant on these interactions. The polymer-polymer interactions 

(typically van der Waals forces) are weaker than polymer-nanoplatelet interactions (i.e. 

electrostatic or hydrogen bonding forces) and thus a reduction in tensile strength results. 

For both maximum strain and tensile toughness the 71:29 sample had optimal values. 

Values of 1.06 ± 0.19% and 10.35 ± 3.15 kJ/m3 represent an increase of 707% and 3981% 

over that for the 95:5 sample. That the maximum value for each of the different static tensile 

mechanical properties varied with α-ZrP:JA, 83:17 (modulus), 77:23 (tensile strength) and 
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71:29 (maximum strain and tensile toughness) is a reflection of the complex energy 

dissipation mechanisms competing during loading. The modulus is highest at 83:17 due to the 

relatively low JA content and the stiffness of the nanoplatelets dominates. Further addition of 

JA results in a reduction in modulus due to the polymer separating more the α-ZrP 

nanoplatelets resulting in increased chain mobility and interlayer space. At the same time, the 

number of binding sites between the JA and α-ZrP increases, providing stronger interfacial 

interactions that improve tensile strength. Further incremental increases of JA introduces 

more polymer-polymer interactions that facilitate stress failure more readily and 

consequently, a reduction in tensile strength. Meanwhile, the increased loading of soft phase 

(JA) provides an increase in maximum strain (and consequently toughness). The material has 

more capacity to stretch, and so is able to extend further before failure. This effect is 

observed most prominently for the 71:29 ratio as extension increases to 1.06 ± 0.19%. 

Ultimately, the reduced interfacial interactions and liquid-like properties of the polymer come 

to dominate at 67:33, degrading all four properties. α-ZrP nacre-like films display multiple 

toughening mechanisms.  
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Figure 5. Variation in tensile mechanical properties for α-ZrP:JA nacre-like films where a) 

representative stress-strain curves for each sample, b) Young’s modulus (E), c) tensile 

strength (σ), d) maximum strain (ε) and e) tensile toughness (UT). 
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Table 3. Tensile mechanical properties for α-ZrP-JA samples. 

α-ZrP:JA Young’s 
Modulus, E (GPa) 

Tensile Strength, 
σ (MPa) 

Maximum Strain, 
ε (%) 

Tensile Toughness 
(kJ/m3) 

95:5 2.29 ± 0.82 2.44 ± 1.25 0.15 ± 0.07 0.26 ± 0.21 
91:9 5.31 ± 0.92 6.54 ± 1.28 0.25 ± 0.04 1.21 ± 0.26 
83:17 7.81 ± 2.01 9.94 ± 1.27 0.20 ± 0.02 1.25 ± 0.16 
77:23 4.43 ± 0.64 13.96 ± 1.73 0.67 ± 0.13 6.43 ± 2.12 
71:29 3.28 ± 0.54 13.27 ± 0.85 1.06 ± 0.19 10.35 ± 3.15 
67:33 1.75 ± 0.18 12.82 ± 1.20 0.97 ± 0.14 7.41 ± 1.97 

 

Nanoindentation experiments were completed and data compared against previous 

findings, Figure 6. Waraich et al. reported a maximum hardness (H) and reduced Young’s 

modulus value (Er) of 71 MPa and 2.46 GPa, respectively.34 In this work, the 77:23 α-ZrP:JA 

nacre-like film has the highest values for both H and Er (Table 4), H=58.4 ± 9.2 MPa and 

YM=2.27 ± 0.20 GPa for Er. Varying the α-ZrP:JA from 95:5 to 77:23 resulted in a 44-fold 

increase in H and a 200-fold increase in Er. In this instance, the dual functionality of the 

polymer phase (JA) acting as both an exfoliating agent and providing strong interfacial 

interaction with α-ZrP is critical in achieving such mechanical behaviour. Improved 

exfoliation facilitates a more efficient self-assembly process resulting in more highly ordered 

alignment of α-ZrP nanoplatelets. Other workers have reported significant increases in 

mechanical properties of other nacre-mimetic materials utilising chitosan as the polymer 

phase, 13, 51, 52 attributed to a large number of hydrogen-bonding groups in chitosan forming 

strong interfacial interactions with the nanoplatelet (nanoclay) phase.51 The surface of the α-

ZrP has a high capacity for hydrogen bonding and so the polymer-nanoplatelet interactions 

are strong in this material. The JA does not have the same capacity for hydrogen bonding as 

chitosan and so it is quite remarkable that α-ZrP-JA nacre-like films display comparable 

properties to those reported with chitosan. It is clear that the α-ZrP sheets provide the bulk of 

the mechanical strength however, given in this work when the JA loading is low, H and Er 

are much smaller than when the JA loading is 23 wt%. The cooperative effects of the α-ZrP 
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nanoplatelet and polymer (JA) is equally as important when the mode of deformation is 

compressive as in tensile. Due to the positioning of the nanoindenter, the load applied is 

perpendicular to the α-ZrP nanoplatelets, in contrast to the tensile testing, which is parallel to 

the platelet direction, Figure 7. As expected, the tensile modulus is larger than that observed 

from nanoindentation suggesting polymer stiffening observed under tensile load has a greater 

effect in a parallel (to the applied load) direction. It is possible the compressive deformation 

during nanoindentation forces the α-ZrP into any pores or imperfections within the film 

structure reducing the resistance experienced by the tip, yielding a lower modulus value. 

Increased porosity at low polymer loading has been previously reported by Medina et al. for 

nacre-like films based on clay and cellulose.53 Under tensile load, the same imperfections 

should not have a negative impact as the nanoplatelets and polymer are being pulled apart. 
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Figure 6. Nanoindentation data for α-ZrP-JA films, a) averaged nanoindentation curves, b) 

Hardness and c) reduced Young’s modulus. 

 

Table 4. Reduced Young’s modulus and Hardness values determined from nanoindentation 

measurements 

α-ZrP:JA Reduced Young’s modulus, Er (GPa) Hardness, H (MPa) 
95:5    0.01 ± 6x10-4  1.32 ± 0.15 
91:9 0.73 ± 0.13 11.46 ± 2.40 
83:17 1.55 ± 0.18 30.80 ± 5.60 
77:23 2.27 ± 0.20 58.40 ± 9.20 
71:29 1.71 ± 0.19 50.80 ± 9.10 
67:33 0.97 ± 0.07 35.50 ± 4.90 
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Figure 7. Schematic representation of the direction that the load is applied during 

nanoindentation (perpendicular) and tensile (parallel) testing. 

 

The water vapour transmission rate (WVTR) of the freestanding nacre-like α-ZrP-JA films 

was measured and values reported as ‘transmission rate’ [g/(m2 24h)], ‘permeability’ [g 

μm/(m2 24h)] and in g mil/(m2 24h), the latter expressed as ‘transmission rate’ per unit 

thickness, see Table 5. The best barrier performance achieved was by the 91:9 sample with a 

transmission rate per unit thickness of ~243 g mil/(m2 24h) , approaching that reported for a 

range of polymer films, including Nylon 6,6,54, 55 poly(lactic acid),55 oriented polystyrene56 

and EVOH.57  

 

Table 5. WVTR data for different α-ZrP:JA nacre-like films. 

Sample             
α-ZrP:JA 

Thickness WVTR 
μm g/(m2 24h) g μm/(m2 24h) g mil/(m2 24h) 

95:5 45 1956.687 88050.91 3466.57 
91:9 48 128.860  6185.28 243.51 
77:23 43 555.393 23881.89 940.23 
71:29 37 274.660 10162.42 400.10 
67:33 44 358.570 15777.10 621.14 

 

 

 

Jo
urn

al 
Pre-

pro
of



 

4. Conclusions 

Nacre-like films composed of α-ZrP nanoplatelets and a poly(etheramine) (JA) were readily 

formed via self-assembly by a one-step solution-casting process from an aqueous dispersion. 

When the JA component was 9 wt% or greater, highly organised reproducible unidirectional 

nanoplatelet nacre-like films were obtained. The JA acts as both an exfoliating agent for the 

α-ZrP nanoplatelets and as the ‘polymer’ phase binding to the nanoplatelets via ionic 

bonding. The spacing between nanoplatelets increases with increasing JA content. The 

binding of the α-ZrP nanoplatelets with JA provides a route for the dissipation of energy via 

different mechanisms when the film is under compressive or tensile loading. This is reflected 

in the different α-ZrP:JA ratios as to when the optimal mechanical properties were achieved 

from tensile testing, and in particular, the values for Young’s modulus E, tensile strength σ, 

maximum strain ε and tensile toughness, UT increased by 341% (83:17), 572% (77:23), 707% 

(71:29) and 3981% (71:29), respectively, relative to the 95:5 film. From nanoindentation 

measurements, the highest values for hardness (H) and reduced Young’s modulus (Er) were 

obtained for the 77:23 sample, with H=58.4 ± 9.2 MPa and Er=2.27 ± 0.20 GPa, a 44-fold 

and 200-fold increase in H and Er compared to the 95:5 film. The freestanding 91:9 nacre-like 

film was the best barrier to water vapour having a transmission rate per unit thickness similar 

to several polymers, e.g. Nylon 6,6 and EVOH. 
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