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• Simple processing route for Nacre-like composites with a soft thermoplastic elastomer matrix.

• Straightforward manufacturing of gradient microstructures, no specimen size limitation.

• Induction heating can be used to stimulate healing with 3 vol.% of iron nanoparticles.

• Innovative coupling of NMR and DSC enables to probe the polymer state within the composites.
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Abstract

We produce nacre-like composites made of a soft thermoplastic elastomer matrix reinforced by alumina

platelets, as a flexible and healable alternative to stiff brick-and-mortar materials while keeping their

characteristic anisotropic microstructure. Materials are manufactured using step-wise deposition and

subsequent controlled evaporation of a suspension containing the polymer and the platelets. Well-

aligned microstructures loaded from 15 to 65 vol.% in alumina are obtained through hot-pressing

densification of the resulting composites. Remarkably, by combining calorimetry and low-field nuclear

magnetic resonance techniques, we emphasize that the polymer mobility decreases significantly in

spite of a lower degree of cristallinity when the platelet content is increased. This result sheds light

on the origin of the limited quality of samples above 45 vol.%, opening new research directions to

improve the design of organic nacre-like composites. Tensile, bending and indentation tests on samples

containing up to 45 vol.% in platelets are then used to rationalize the mechanical properties variation

related to the polymer state. Finally, we show that the addition of 3 vol.% of Fe nanoparticles into

the composites is enough to enable their induction heating that we aim to utilize in the future as a

contactless healing method.
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1. Introduction

Natural nacre presents the noteworthy property to exhibit a non-brittle mechanical behavior al-

though being composed of 95 vol.% of brittle constituent (CaCO3) [1, 2, 3]. This is mainly due to

its defect-free, perfectly stacked, brick-and-mortar structure, made of 0.5 µm thick CaCO3 platelets

embedded in 5 vol.% proteins that act as a few nanometers thick interphase. Inspired by the out-

standing mechanical behavior reached by nacre in comparison to that of its constituents, tentatives

to obtain artificial structures that would reproduce nacre morphology were explored by manufac-

turing particulate composites consisting of platelets (made of brushite [4], glass [5, 6] or alumina

[7, 8]) and of a secondary phase of varying nature (e.g. metal [9, 10, 11] , glass [8, 12], polymer

[13, 14, 15, 16, 17, 18, 19, 20]). An overview of artificial nacre-like materials was provided by Bouville

[21].

Several manufacturing processes of full-ceramic nacre-like have been developed so far [21], such

as for instance ice templating [22, 23], laser engraving [24], spray forming [5], coextrusion [25] or

3D printing [26]. These processes are generally complex, time-consuming, and limited to small-size

specimens, with a typical thickness that does not exceed a few millimeters, with the exception of

magnetic assisted slip casting [21] and uniaxial pressing [8, 27]. On the other hand, nacre-like materials

made of alumina platelet reinforced polymers are mainly obtained using either Layer-By-Layer (LBL)

deposition [28, 29] or preform infiltration [30, 31, 32, 33, 34].

The biggest drawback of LBL deposition is its slow fabrication rate resulting in films that are

usually limited to a thickness of ca. 20 µm. Besides, the infiltration of a preform by polymers is

made difficult (if not impossible) because of their high viscosity and requires therefore most often

in-situ polymerization of pre-infiltrated monomers. This process can be utilized to prepare either

thermoplastic-, rubber- or thermoset-based composites [15] but is not necessarily adapted to complex

molecular architectures such as multiblock copolymers, widely used as thermoplastic elastomers (TPE)

in the industry. In their comprehensive study, Niebel et al. [15] manufactured nacre-like infiltrated

ceramic scaffolds using three polymers of very different mechanical properties including PMMA (glass),

PUA-PHEMA (cross-linked resin) or PLMA (very soft rubber) in order to evaluate the influence of the

polymer phase on nacre-like mechanical behavior. However, none of these three polymers combined

a thermoplastic character and flexibility at room temperature, two key ingredients for the design

of flexible and healable composites. In addition, the Young’s modulus of these three polymers was

respectively 2 GPa, 350 MPa and 70 kPa, relatively far from the usual value of "structural" rubbers

close to 1-50 MPa.
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Yet, a few tentatives of artificial nacre manufacturing relying on a TPE matrix have been pro-

posed. Bonderer et al. [35] prepared thermoplastic polyurethane (TPU) reinforced alumina platelet

composites by using a combined gel-casting and hot pressing process. They manufactured pore-free

composites up to 30 vol.% of alumina platelet. Above this threshold, a dramatic loss of mechanical

properties was observed in spite of a growing hard phase content. The presence of pores that possibly

initiated cracks in the material was given as an explanation for this phenomenon without however

providing systematic characterization nor solution to avoid this deleterious effect.

The purpose of this work is the manufacturing and the investigation of the structure-properties

relationship of nacre-like materials based on alumina platelets and a thermoplastic elastomer matrix.

Beyond providing flexibility and thoughness to our composites, the soft matrix is used in view of

a long-term goal, which is to endow these materials with stimulus-healing capabilities. Targeted

applications regard any kind of reusable protective equipment such as helmets and knee pads as well

as vehicle bumpers. In the present paper, we first describe our processing route that is derived from the

LBL philosophy in Section 2. This method is preferred because it enables the production of relatively

thick (> 1mm) and homogeneous sample while making formulation gradient easily accessible. After

controlling the porosity and the degree of alignment of the platelets, we focus our attention on the

polymer phase and show its influence on the mechanical properties of the composites in Section 3. We

finally discuss these results and present preliminary tests regarding stimulus-healing through magnetic

hyperthermia in Section 4.

2. Materials and Methods

2.1. Materials preparation

The polymer matrix consists of a commercial thermoplastic polyurethane (TPU, Desmopan 786-E)

purchased from Covestro, Germany. Its glass transition temperature (Tg) and its melting point (Tm)

are respectively ca. −30 ◦C and 150 ◦C. Its density and average molecular weight are respectively

1.15 g/cm3 and 188 kgmol−1 . The alumina platelets characterized by a thickness of ca. 500 nm and

a mean diameter of ca. 10 µm are RonaFlair-White Sapphire from Merck, Germany. THF was used

to mix intimately the TPU and the platelets. The whole processing route is described in Figure 1.

Appropriate amounts of TPU and platelets were weighted and incorporated within THF so that

the total solid content was approximately 80 wt.%. The mixture was then stirred at 40 ◦C during

12 hours in a round-bottom flask to ensure the total TPU dissolution and poured layer-by-layer in a

PTFE-coated glass mold. The mixture was tentatively casted over 1-, 5- or 20- cycle(s). Single-layer
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Figure 1: Nacre-like composites processing consisting of step-wise casting of a TPU-platelets fillers dispersion and

subsequent hot-pressing.

addition yielded platelet volume fraction differences up to 20 wt.% between the specimen top and

bottom. This effect was reduced to a few percents by using 5- or 20- layer additions, resulting in

a homogeneous platelets dispersion. The 20-layer addition was consequently adopted in this work.

Casting cycles were performed every 20min under a fume hood at room temperature so that each

layer had time to gelify partly. This gelification allows to limit massive sedimentation of the platelets

while letting the inter-layer diffusion of the TPU chains. In other words, it ensures a homogeneous

filler dispersion and maximize the material cohesion. At the end of the casting procedure, the sample

is dried under a fume hood overnight to remove most of the residual solvent and subsequently vacuum

dried at 50 ◦C for 12 hours. Finally, the samples are hot-pressed at 0.5 bar - 150 ◦C (≈ Tm) for 5min

and gently cooled down under pressure in 10min to room temperature. Series of thermogravimetry

experiments under argon were performed on samples extracted from various sample’s locations and

on both sides, providing a platelet content uncertainty of ±2 vol.%. At last, we obtained disk-shaped

specimen of typical diameter and thickness of 5 cm and 1mm respectively.
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2.2. Methods

2.2.1. Scanning Electron Microscopy (SEM)

Composite micrographs were obtained using a VEGA3 from TESCAN (USA). Imaging was per-

formed using a secondary electron detector and 10 kV acceleration voltage. To improve the quality of

SEM observation, the composites were subjected to ion milling (ILION II 697, GATAN) for 2 hours.

Samples were stuck onto a titanium mask (GATAN) and milled with two Ar ion beams with a tension

acceleration of 6 keV before being covered with a thin layer of gold. This method provided us with

polished area of ca. 10 x100 µm2 enabling clear distinction between the polymer matrix and alumina

platelets.

2.2.2. Shore Hardness

Hardness was measured using a 3114 Shore D tester (ZwickRoell, France) on both top and bottom

of samples in order to evaluate their homogeneity through the sample thickness. Measurements were

repeated five times on both sides of the samples.

2.2.3. Porosimetry

Archimede’s method: the density was measured on a minimum of 3 locations with a density kit

(Mettler Toledo, USA) and ethanol (96 wt.%) as a solvent. Although results showed a progressive

growth of the porosity up to 5 % in the composite containing 35 vol.% in platelets, the method was

judged to be insufficiently accurate at higher alumina content so we completed it with image analysis.

Image processing and analysis : SEM 2D observations of ion-polished samples were analyzed using

Fiji. The pore surface fraction was calculated based on a gray level threshold of the image on at least

500µm2 areas. For each platelet volume fraction, the pore surface fraction was estimated based on at

least 3 zones. In addition, OrientationJ Fiji plug-in [36] was used to determine the platelet orientation

based on image structure tensor calculation using a local averaging window.

2.2.4. Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) analyses were performed on a TA Instruments Q10 calorime-

ter under 50mLmin−1 nitrogen flow. Temperature and enthalpy calibrations were performed using

indium and zinc standards. DSC capsules containing about 10 mg of composites were heated from

room temperature up to 220 ◦C and kept isothermally for 5min before being cooled down to −70 ◦C and

kept isothermally for 5min followed by a second heating up to 220 ◦C at a heating rate of 5 ◦Cmin−1.

Data presented in this work correspond to the second heating step.
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2.2.5. Low-Field Nuclear Magnetic Resonnance (LF-NMR)

LF-NMR Free Induction Decay (FID) measurements were performed on a Bruker Minispec mq20,

at a 20MHz proton resonance frequency. The samples were placed in 1 cm diameter tubes and

their height was fixed to (2.0 ± 0.5)mm. The temperature was controlled using a BVT 3000 heater.

Prior to each measurement, the temperature was stabilized for 10min. The signal at short time was

systematically set between 60 and 100% of relative intensity by adjusting the gain of the spectrometer

and limited to 200µs acquisition time to avoid any magnetic field inhomogeneity.

2.2.6. Tensile test

Uniaxial tensile tests were performed at room temperature at a constant strain rate of 5mmmin−1

on a tensile test machine 1/ME (MTS, USA) equipped with either 1 kN or 10 kN load cell for the

composites and the neat TPU respectively. The samples were shaped into dumbbell pieces of effective

dimensions 20×5× 2mm3. Pieces of rubber were glued to the pure TPU samples in order to avoid any

slip issues. A minimum of three tests was performed for each platelet volume fraction configuration.

2.2.7. Three points bending test

Three-points bending tests were carried out on plain samples using uniaxial testing machine (In-

stron 8562, High Wycombe, UK) with 18mm support span distance. The thickness and width of the

samples were respectively (5.0 ± 0.2)mm and (3.0 ± 0.1)mm. Tests were displacement controlled at

a crosshead speed of 0.5mmmin−1. The platelet main alignment plane normal corresponded to the

specimen thickness direction, i.e. to material testing in ’across direction’ [2].

2.2.8. Stiffness determination

The material Young’s modulus E was estimated as the slope at the origin of stress-strain curves.

Because the material consisted of a platelet reinforced elastomer, nonlinear stress-strain curves were

obtained. For each sample, a linear regression of the stress-strain curve was performed including both

a linear (providing E) and a quadratic term active from a given fixed strain threshold ε0 (providing

the constant ξ), which writes:

σ̂ = Eε+ ξ < ε− ε0 >
2
+, (1)

where < · >+ are Macaulay brackets and ε0 is determined as the strain ε which minimizes the

difference between σ̂ and the stress measured experimentally.
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2.2.9. Instrumented indentation test

Indentation tests were performed at room temperature using an Electroforce 3200 machine (BOSE,

USA) having a 1mm diameter Tungsten Carbide spherical tip at a load-controlled speed in the range

0.20 to 0.30N s−1. The displacement of the tip was measured using a capacitive sensor with a 0.1 µm

resolution and the load with a 22N cell.

2.2.10. Rheology

Measurements were all performed using 8mm diameter parallel plates in a strain-controlled rheome-

ter (ARES 2kFRTN1) with convection oven allowing a temperature control better than ±1 ◦C. Fre-

quency sweep experiments were performed at 180 ◦C to melt crystallites and enhance chain mobility,

ensuring a reasonably fast flow of the material, providing similar conditions as during the healing

procedure. The strain amplitude was progressively decreased from 10% for neat TPU down to 5%,

3%, 1%, 0.3% and 0.1% for composites loaded with 5 vol%, 10 vol%, 15 vol%, 20 vol% and 30 vol%

of alumina platelets respectively. All the materials were loaded with 3 vol.% of Fe nanoparticles,

which corresponds to the formulation required to perform stimulus healing.

3. Results and discussion

3.1. Platelets alignment and porosity

Once the processing route completed, the sample quality is estimated through two criteria that are

1) the alignment of the platelets with respect to the plane orthogonal to the uniaxial pressure direction,

i.e. along the specimen thickness direction, and 2) the porosity content. Optimizing and reducing

respectively these criteria is expected to enhance both the mechanical and barrier properties of the

manufactured samples. Note that micro-computed tomography observations of the manufactured

materials does not enable to quantify the platelets alignment due to a too low resolution. Platelet

alignment was therefore quantified based on SEM observations.

In Figure 2, we quantify the orientation of platelets in a sample containing 55 vol.% in alumina

by means of image processing. A color code is provided in Figure 2a to facilitate the visualization

of the orientation distribution around the average angle value that is set to 0°. Our processing route

is found to yield samples characterized by a full-width at half maximum of ∆θ=25.6° ± 16° (Figures

2b-c), which is considered to be satisfying given its simplicity. In fact, Saad et al. [8] reported a full

width at half maximum of about 20° in their fully inorganic materials processed by hot-pressing. Also,

Bonderer et al. obtained quite similar values in their platelets reinforced TPU (14°<∆θ<26°)[35] and
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polypropylene (10°<∆θ<25°)[37] processed by a combination of gel-casting and hot-pressing. Inter-

estingly, while ∆θ was observed to grow monotonically with the platelet content in the latter works,

Figure 2c rather suggests a constant alignment distribution in our case. It is however important to

remind the reader that significantly better alignment of the platelets (∆θ<8°) could be achieved by

functionalizing their surface and using advanced air-water interfacial processing, as demonstrated in

the earlier works of Bonderer et al. [28, 29].

Beyond quantifying the platelet alignment in the composites, image processing is further used to

evaluate their porosity, in complement to Archimede’s method. The results are presented in Figure
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Figure 2: Distribution of the orientation of platelets in a composite loaded with 55 vol.% in platelets. a) SEM-BSE

micrograph (left) and its colored version (right) based on the orientation-color code displayed at the top-right corner.

Red arrows emphasize the presence of pores (detected above 40 vol.%, see text). b) Alignment of the platelets for

various tensor sizes used for the image treatment highlighting the robustness of the method, Φ = 55 vol.%. Full width

at half maximum is denoted ∆θ. The solid line is a concatenated Gaussian fit in which the average is fixed to θ̄=0°

resulting in a standard deviation of σ = 9.1◦ corresponding to ∆θ = 21.4◦. c) ∆θ as a function of the platelet content.

The dashed line represents the average value calculated from all the samples
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3 revealing a strong increase of the porosity content for Φ > 45 vol.%, reaching up to 12 % for

Φ = 65 vol.%.

In addition and despite scattered results, Archimede’s method was systematically found to provide

values in the 0-5 % interval for Φ > 45 vol.%, confirming qualitatively the image analyses. In contrast,

no porosity was detected for Φ ≤ 35 vol. %.

Shore-D experiments were also used as a simple probe of the materials quality as presented in

the inset of Figure 3a. For a given platelet volume fraction, hardness relative variations at different

sample locations are smaller than 3%, which highlights the homogeneity of the microstructure within

a sample. These variations slightly increase for the specimens having the highest platelet volume

fraction. Besides, whatever the platelet volume fraction, average hardness differences between the

sample top and bottom surfaces are smaller than 5 %, which evidences similar microstructure and

properties on the top and the bottom of the casted samples in spite of the gravity-driven nature of

our processing route. Beyond evidencing a relative homogeneity in the microstructure and resulting

mechanical properties, these tests also reveal a decrease in the hardness from Φ > 45 vol.%. Such

lower mechanical properties upon adding alumina platelets are undoubtedly related to the presence of
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Figure 3: a) Porosity as a function of the platelet content estimated through image analysis. The grey zone corresponds

to the porosity estimated through Archimede’s method leading to erratic values all comprised in the 0-5 vol.% interval

for platelet volume fractions above 35 vol.%. Inset: Shore D hardness as a function of the platelet volume fraction. Error

bars indicate the standard deviation (5 measurements on each side). Red arrows highlight the correspondence between

the upturn of the porosity and the maximum in terms of hardness. b) SEM micrographs highlighting the presence of

pores in samples loaded with more than 40 vol.% in platelets. Top (BSE detector): 45 vol.% (limited defects). Bottom

(SE detector): 75 vol.% (massive defects). Arrows emphasize the largest defects in both cases.
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Figure 4: Specific heat capacity of the TPU embedded into the composites loaded with 25, 35, 45, 55 and 65 vol.% in

platelets and the corresponding neat TPU matrix. Data are vertically shifted for the sake of clarity (see caption). Grey

zones highlight the glass transition Tg and the melting temperature Tm ranges. Inset: Zoom-in the TPU and the 65

vol.% data highlighting the difference of melting profile. Data were matched at low temperature for the sake of clarity.

Dashed lines represent basis lines.

defects in the samples that one can put in parallel with the growing porosity content (see red arrows

in Figure 3). In the next section we shall rationalize the limitations of our processing route in terms

of platelet content by investigating the state of the polymer matrix embedded into the composite.

3.2. Characterization of the Embedded Matrix

In order to understand the limits of our processing route and to rationalize the mechanical prop-

erties of the composites, we focus on the state of the polymer embedded into the composites. We

remind the reader that the TPU is a semi-crystalline multiblock copolymer that contains ca. 6 wt.%

of crystallites that mainly melt in-between 150 ◦C and 200 ◦C when the polymer is casted alone (see

Figure 4). The flexibility of the TPU is provided by its soft segments characterized by a glass tran-

sition temperature of ca. −30 ◦C. The incorporation of alumina platelets into the TPU thus results

in a triphasic composite made of 1) soft organic domains, 2) organic crystallites and 3) 2D inorganic

fillers of much higher rigidity. The thermal characteristics of the neat TPU can be extracted from

differential scanning calorimetry (DSC) experiments, as illustrated in Figure 4 where we present the

specific heat capacity of the TPU as a function of the temperature for several inorganic filler volume

fractions. Apart from revealing thermal transitions, DSC temperature ramps further enable to pre-

cisely measure the specific heat capacity of the material, passing expectedly from ca. 2.5 to 6 JK−1 g−1
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from −50 ◦C to 220 ◦C. This technique is also convenient to probe the state of the polymer embedded

into composites where the heat capacity of the polymer phase can be extracted according to

cTPU
p =

CComp − Cfiller

mTPU

=
CComp − cfillerp mfiller

mTPU

, (2)

as proposed by Holt et al. [38]. In this expression, CComp, Cfiller, cfillerp , mfiller and mTPU are respectively

the heat capacity of the composite , the heat capacity of the filler, the specific heat capacity of the

filler, the mass of filler within the measured sample and the corresponding mass of TPU. Because

in our case cfillerp ≈ 0.7 JK−1 g−1 (alumina) and since its temperature dependence is weaker than the

TPU one, we approximate cTPU
p based on the second term of Eq. (2) with Cfiller being constant on the

whole temperature range. The resulting cTPU
p in presence of fillers are plotted in Figure 4 and vertically

shifted for the sake of clarity. Interestingly, while the glass transition temperature of the soft-segments,

taken as the cp inflexion point at low temperature in Figure 4, is not significantly influenced by the

filler volume fraction in the composites (ranging erratically from −35 ◦C to −25 ◦C for filler volume

fractions between 0 and 65 vol.%), a major effect is observed at higher temperature. In fact, the

variations of cTPU
p around the melting point of the neat TPU seem to be almost eliminated, indicating

an important loss of crystallinity (Xc). This effect is further emphasized in the inset of Figure 4

where the signals of the neat TPU and of the composite containing 65 vol.% in platelets are compared

and confronted to linear variations. In addition to the influence on the TPU crystallization, it also

appears that the temperature dependence of the cTPU
p is stronger for high platelet volume fractions,

particularly above Φ=45 vol.%. While the precise origin of this phenomenon remains unclear to us,

we believe that it may be caused by the (heat consuming) desorption of the TPU hard-segments from

the platelet polar surface.

In order to deepen the characterization of the TPU within the composites and particularly address

the question of the chain adsorption onto ceramic platelets, we conducted systematic low-field NMR

experiments. In particular, we measured the FID of composites containing 15, 25, 35, 45, 55 and

65 vol.% in platelets from room temperature (ca. 40 ◦C) up to the hot-pressing temperature (160 ◦C).

This method first consists of placing the sample in a permanent magnetic field to align all the hy-

drogen spins in the same direction (Oz) before flipping them in the orthogonal plane (Oxy) using a

radiofrequence wave (π/2 pulse). The LF-NMR spectrometer then measures the decreasing magneti-

zation of the sample as a function of time (precession) enabling to discriminate different dynamical

responses, characteristic of different phases. FID experiments have been used successfully to quantify

the fraction of adsorbed chains and their dynamical slowing down. [39, 40].

In Figure 5, we present FID normalized signals measured on a composite containing 25 vol.% in
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platelets at temperatures ranging from 40 ◦C up to 160 ◦C. As expected, increasing the temperature

results in flattening the signal corresponding to longer H-atoms transverse relaxation time (denoted

T2 in the literature), synonymous of a higher mobility of the organic phase. These results are sys-

tematically fitted by using a 2 components Kohlrausch-Williams-Watts (KWW) function (Eq. (3))

with the aim to extract two populations of polymer segments: 1) rigid (or constrained) and 2) soft

(or mobile). Note that even in the case of the neat TPU, two modes are required to fit the data

appropriately owing to the presence of highly rigid crystalline domains.

Ixy(t) = I1 exp[(
−t

τ1
)β1 ] + I2 exp[(

−t

τ2
)β2 ]. (3)

In this expression I1 and I2 are the amplitudes of the two modes being respectively proportional to

the number of constrained and mobile H-atoms; τ1 and τ2 are the transverse relaxation times of the

hard and soft populations; β1 and β2 are the corresponding parameters describing the broadness of

the relaxation modes. The latter values are systematically found to be slightly lower than 1, which

indicates a stretched-exponential profile as it is generally the case in these experiments. A direct

quantitative comparison of the experiments is made possible through signal normalization:

In(t) =
Ixy(t)

I1 + I2
, (4)

0.00 0.05 0.10 0.15 0.20

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

I n 
(-)

time (ms)

T °C
 40  100
 50  120
 60  140
 70  160
 80 

T k

F=25 vol.% a)

0.00 0.05 0.10 0.15 0.20
0.6

0.7

0.8

0.9

1.0

F (vol.%)
 Neat TPU
 15
 25
 35
 45
 55
 65

I n(
-)

time (ms)

Fk
b)

Figure 5: a) Free Induction Decay normalized intensity as a function of the experimental time for the composite loaded

with 25 vol.% in platelet from 40 ◦C to 160 ◦C. Solid lines are fit based on Eq. (3) b) Analog signals for composites

loaded with 15, 25 and 35 vol.% as well as the neat TPU matrix measured at 160 ◦C.
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by DSC as a function of the volume fraction in platelets in corresponding composites 160 ◦C.

and the fraction of rigid segment within the organic phase writes

f =
I1

I1 + I2
. (5)

While the effect of the temperature is somewhat expected, we present in Figure 5b the variation of In

as a function of time for different platelet contents at 160 ◦C. Interestingly, the intensities are first seen

to overlap from 15 vol.% to 35 vol.% before decreasing significantly from 45 vol.% and above. Since

the temperature corresponds roughly to the temperature used for the hot-pressing step, this result

indicates that the chain mobility during the processing route is significantly reduced for composites

loaded with more than 45 vol.%. In fact, although the relaxation time of the rigid phase does not

evolve significantly with the platelet content, τ1 = 2.70±1.55ms (in agreement with quite similar Tg

in Figure 4), we show in Figure 6 that the fraction of rigid segments grows from ca. 6 % to 21 %

when passing from the neat TPU to the 65 vol.% composite. This "rigidification" upon increasing

the platelet content is also observed at lower temperatures at which the difference between hard and

soft phase dynamics is less pronounced.

We also report in Figure 6 the evolution of the crystallites content in the TPU as a function of

the platelet content. This parameter is extracted according to

Xc =
∆H

∆H∗ , (6)
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where ∆H and ∆H∗ are respectively the specific melting enthalpy of the TPU accessible through

the DSC experiments presented in Figure 4 and the corresponding value for a hypothetical fully

crystalline material being 138 J g−1 assuming our polymer is similar to the one studied by Griffiths et

al. [41, 42]. In contrast with the growing fraction of rigid polymer detected by LF-NMR, the significant

decrease of Xc with increasing the platelet content unambiguously indicates that the TPU becomes

progressively unable to crystallize. This phenomenon is well-known in semi-crystalline polymer based

nanocomposites and arises from the steric hinderance caused by the nanoparticles as well as favorable

interactions between the polymer and the filler surface (see e.g., silica reinforced PEO [43]). The

emphasis of these two opposite trends is particularly relevant to rationalize both the limitations in

terms of processing route and the mechanical properties presented in section 3.3. We develop this

point in the discussion presented in section 4.

3.3. Mechanical Properties

In this section we characterize the mechanical properties of presumably viable composites (i.e.,

defect-free and non-porous samples) by means of tensile, bending and indentation experiments.

In Figure 7a, we present engineering stress-strain curves obtained through quasi-static tensile

solicitation for the neat TPU and composites loaded with 15, 25 and 35 vol.% in platelets, three

specimens were tested for each platelet volume fraction. These tests highlight a strong influence of

the platelet volume fraction on the mechanical properties of the composites. They first emphasize a

pronounced enhancement of the Young’s modulus (E), from ca. 17MPa to 1GPa, and of the yield

stress (σt
y) from ca. 4MPa to 16MPa. σt

y is defined as the stress corresponding to the crossover

of linear fits performed at low strain and in the strain hardening regime for the neat TPU and the

15 vol.% composite and to the stress maximum (ε < 1) for the 25 vol.% and 35 vol.% composites.

Conversely, the strain at "first" failure (εmax), corresponding to the first drop of stress, and the

toughness (K), quantified by the area under the stress-strain curve decrease importantly, passing

respectively from 10.3 down to 0.4 and from 150mJmm−3 down to 5mJmm−3 for the neat TPU

and the 35 vol.% composites respectively. In addition, the strain hardening character observed in the

neat TPU is seen to progressively disappear in the composites when increasing the platelet content.

Such a behavior can be rationalized based on the loss of mobility of the polymer phase (see NMR

experiments), favoring delamination events rather than conformation changes (stretching) reponsible

of the strain hardening. In Figure 7b, we focus our attention on the way the samples behave after they

reach εmax. In particular, we show that when Φ = 25 vol.% (or Φ = 15 vol.% - not reported here),

the composite fails in a step-wise manner, contrarily to samples loaded with either 0 or 35 vol.% that
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Figure 7: a) Tensile stress as a function of strain for composites loaded with 15, 25 and 35 vol.% as well as the Neat

TPU matrix. Inset: Zoom-in at low deformation. The TPU fails around ε = εTPU
max = 10. Data are stopped right after

the "first failure" event, i.e., the first significant stress drop. b) Full tensile tests highlighting the step-wise failure of

composites loaded with 25 vol.% in platelets.

breaks suddenly, regardless of their brittle or ductile character. In fact, the results presented in Figure

7b systematically show that the failure occurs through 5-7 steps strongly suggesting the successive

failure of (single and/or groups of) layers with increasing deformation. Post-mortem observations

revealing decohesion and various failure events actually confirmed this hypothesis.

It is worth noting that the timescale relevant for the segmental relaxation (responsible for the glass

transition) at room temperature is smaller than a microsecond, which means that at low deformations,

there is no reason to expect a significant influence of the strain rate on the mechanical properties.

For what concerns high deformations, increasing the strain rate is expected to enhance the strain

hardening in the nonlinear regime and possibly cause a premature failure of the material [44, 45].

To improve the knowledge of the structural properties of these composites, the mechanical charac-

terization must be extended to other testing configurations. Following this idea, we present in Figure

8 bending characterizations of samples containing 15, 25, 35 and 45 vol.% in platelets. In this case,

the neat TPU is too flexible to be measured appropriately with our testing equipment. For each

formulation, three tests are reported and the area they define is colored to highlight the variability

on the mechanical behavior due to the manufacturing process and the platelet volume fraction. As

expected, the addition of platelets is seen to strongly increase the stiffness at low displacement that

is related to the Young’s modulus, which is estimated to pass from 121MPa ± 14MPa at 15 vol.%
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Figure 8: Bending force as a function of the displacement for composites loaded with 15, 25, 35 and 45 vol.% in platelets.

The neat TPU matrix was too flexible to be measured in the same conditions.

to 775MPa ± 127MPa at 45 vol.% (see Supporting Information section 1). Conjointly, the average

stress at failure (σb
f ) increases from 10MPa to 32MPa between 15 vol.% and 35 vol.% in platelets

before falling to ca. 23MPa at 45 vol.% as one may have anticipated from Figure 3, indicating that

2-3 % of pores is enough to dramatically influence the mechanical properties at high deformation. It

is further noteworthy that the deflection (and thus the strain) at maximum stress in truly non-porous

samples (Φ ≤ 35 vol.%) remains constant, about 5mm. Beyond intrinsic composites properties, one

can also remark that the scattering of the force-displacement curves increases with the platelet content

suggesting the growing presence of micro-heterogeneities in highly reinforced materials.

Finally, we present in Figure 9 instrumented indentation tests serving to characterize the resis-

tance to local penetration of our composites. While these experiments have been repeated at various

penetration rates and different locations showing no significant impact (see Supporting Information

section 2), we focus on the data recorded at 0.2-0.3N s−1 for samples loaded with 10, 20 and 30 vol.%

in platelets as well as the neat TPU. As clearly noted in Figure 9, a full recovery of the penetration

depth is observed after unloading, with no trace left on the samples surface whatever the platelet

volume fraction. As one may have anticipated based on the growing Young’s modulus detected in

both tensile and bending tests, the load required to penetrate the composites, and thus the hardness,
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Figure 9: Indentation force as a function of the penetration depth for composites containing 10, 20 and 30 vol.% in

platelets and the corresponding neat TPU matrix. Inset: Total, reversible and irreversible work as a function of the

platelet volume fraction. Solid lines are fit to the data with Φ2 dependence (Wtot and Wnon−inst) and Φ dependence

(Winst).

strongly increases with increasing platelet content. This trend is observed from both the upper and

the lower curves corresponding respectively to the loading and unloading steps. Hardness and Young’s

modulus are not the most relevant parameters to be extracted from this series of tests, due to the

pronounced non-linear behavior, coupled with the strong recovery after unloading, and a energy-based

approach seems preferable to analyze the data. By analyzing each experiment, one can then extract

characteristic parameters enabling to rationalize the experiments from an energetic point of view:

• Wtot, the "total" work required to penetrate the sample (surface under the upper - loading -

curve)

• Winst, the "instantaneous" work stored by the sample and released upon unloading (surface

under the lower - unloading - curve)

• Wnon−inst, the "non-instantaneous" work dissipated within the sample (surface in-between upper

and lower curves).

The variation of these parameters as a function of the platelet volume fraction is presented in Figure

9 inset. In addition to the above-mentioned growth of Wtot with increasing Φ, it clearly appears that
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its derivative progressively increases too, being compatible with a Φ2 dependence (black line). The

same trend is observed for Wnon−inst (brownish curve - triangle markers), indicating a quickly growing

number of dissipative events. In contrast, Winst follows a linear trend characterized by a moderate

slope (purple line).

4. Discussion

4.1. On the structure-mechanics relationship

Our "easy" process enables manufacturing alumina platelet reinforced elastomers with a large

range of platelet volume fractions (Φ ≤ 75 vol.%) and no limitation on the specimen thickness. It

yields composites exhibiting a main platelet alignment plane, with local disorientation ∆θ=14-40 ° for

Φ varying from 10 vol.% to 55 vol.%. Of a particular interest, no porosity is detected for materials

satisfying Φ ≤ 40 vol.% making them probably viable for engineering applications. In this range,

a higher platelet content results in an increase of the material Young’s modulus, yield strength,

hardness and contact energy dissipation in return of a toughness decrease as measured in tension.

Because the Young’s modulus and the yield stress can respectively be improved up to 60 and 4 times

with respect to the neat TPU matrix, a large range of mechanical behavior (and possibly barrier

properties) is accessible. Conversely, the pore content is observed to grow from 2 % to 13 % for

Φ increasing from 45 vol.% to 75 vol.%, which results in brittle materials that cannot be used for

structural applications. We demonstrate that this transition can be rationalized by investigating the

polymer phase, as discussed in the next section.

Interestingly, similar observations on the mechanical properties were made by Bonderer et al.

[35] for a quite similar alumina platelet reinforced thermoplastic polyurethane, albeit made of a

softer polymer. No particular investigations regarding the pore content nor the polymer state were

nevertheless provided. The direct comparison of our composites and those manufactured in [35]

is displayed in Tables 1 and 2 respectively, where the relative variation of the Young’s modulus,

maximum stress and strain as well as the area under the stress-strain tensile curves ("toughness") for

various platelet contents are reported. The graphical representation of these Tables are provided in

Supporting Information section 3.

A brief glance at these tables is enough to realize that both studies are comparable, making a

global interpretation more relevant. The main conclusions are as follows :

• The Young’s modulus of the composite can be enhanced by a factor higher than 50 with respect

to the matrix for ca. 40 vol.% in platelets. It seems nevertheless that the reinforcement of
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Φ (vol.%) E/ETPU σmax/σ
TPU
max εmax/ε

TPU
max K/KTPU

15 8.1 0.465 0.323 0.226

25 40.2 0.458 0.389 0.256

35 59.9 0.572 0.038 0.034

Table 1: Our matrix properties : ETPU = 16.9MPa ; σTPU
max = 28.4MPa ; εTPU

max = 1030% ; KTPU = 150.9mJ/mm3

Φ (vol.%) E ′/ETPU ′
σ′
max/σ

TPU ′
max ε′max/ε

TPU ′
max K ′/KTPU ′

11 3.4 0.532 0.560 0.574

22 9.3 0.386 0.155 0.162

33 19.8 0.439 0.085 0.112

43 33.6 0.395 0.020 0.021

53 106 0.207 0.07 0.003

63 12.5 0.120 0.02 0.006

73 7.3 0.043 0.01 -

Table 2: Bonderer’s matrix properties : ETPU ′
= 4.6MPa ; σTPU ′

max = 41.2MPa ; εTPU ′

max = 1910% ; KTPU ′
=

244.1mJ/mm3

the material is significantly higher in our case for intermediate platelet volume fractions. This

difference is likely caused by the slightly different chemical nature of the polymers used in both

works. Further increase of the platelet content is however detrimental because of the apparition

of defects as confirmed by porosity and hardness analyses in Figure 3.

• Between 20 vol.% and 40 vol.%, the composite toughness strongly decreases by a factor of ca.

7-20 with respect to the neat TPU. It is interesting to remark that Bonderer et al. [35] reported

significantly higher relative toughness at 11 vol.% than us at 15 vol.%. In fact, this platelet

volume fraction range usually represents a properties turn in nanocomposites because of the

percolation of slowed down polymer layers located at the interface with the reinforcing fillers

[46, 47].

• At 40 vol.%, the composite exhibits a maximum in terms of average stress at failure due to

enhanced stiffness whereas it almost breaks in a brittle way close to ε =5 %, in agreement with

the above-mentioned drastic decrease in toughness. This recalls the wide range of mechanical

behavior, from a soft elastomer to a strong composite, easily accessible with our process.
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Focusing on toughness aspects, it appears that, under bending and even more evidently under

indentation loading, increasing Φ enhances energy dissipation contrary to what is observed under

tensile loading. The contact energy dissipation is for instance multiplied by 4 when passing from the

neat TPU to the composite loaded with 30 vol.% in platelets, while keeping the capability to recover

its initial shape after a certain time. These composites, loaded with 10-30 vol.% seem thus promising

candidates to target applications requiring energy dissipation due to contact or impact while being

stiffer and harder than pure TPU. Indentation testing is representative of contact loading, involving

mainly compressive stresses, i.e. without crack propagation. The early fracture noted in tensile tests

on composites due to the presence of rigid platelets and to the limited deformability of the polymer

does not impact the behavior in indentation. On the contrary, the presence of platelets increases

the amount of stored energy in the composites. Under bending loading, samples are able to deflect

without fracture, illustrating the limited influence of early fracturation observed in tensile tests.

4.2. How the polymer state inform us on the processing route limitations

A main limitation of our processing route is related to manufacturing composites having a high

platelet volume fraction, which actually results in poor mechanical behavior due to the presence of

defects and pores above 40 vol.%. In this context, one should pay a particular attention to the

ability of the polymer to diffuse in-between the platelets during the drying step and to its chemical

compatibility (or wettability) with the platelets surface. For example, in a composite having 50 vol.%

in platelets and exhibiting a perfectly homogeneous platelet distribution (∆θ =0 °), the average inter-

platelet distance in the dry state would tend towards the platelet thickness, i.e 500 nm, which should

be largely sufficient for the polymer chains to diffuse between the platelets. Indeed, the polymer chain

molar mass magnitude lies around 200 kgmol−1, which corresponds to an average end-to-end distance

of
√
< R2 > = bN0.5 ≈ 45 nm, where b and N are respectively the Kuhn length (ca. 1 nm) and the

number of Kuhn-mer (uncorrelated repetition units, close to 2000). Despite this argument which plays

in favor of a possible manufacturing of specimens having platelet volume fractions theoretically higher

than 90 vol.%, the analysis presented in previous sections shows that the material hardness, strength

and toughness start to decrease from 40 vol.% due to the presence of defects, pores, and polymer-rich

zones. The origin of the limited platelets wettability at high Φ must then resides within its enthalpic

interactions with the polymer. Since the available space between two layers of platelets (ca. 500 nm)

is much larger than the size of a molecule (ca. 45 nm end-to-end distance), the polymer confinement

does not originate from entropic considerations but is rather due to enthalpic interactions between

the chains and the platelets. As a consequence, modifying the TPU molecular weight is not expected
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to have a significative influence on the polymer chain confinement between the platelets.

DSC experiments presented in Figure 4 actually highlight favorable interactions between the two

constituents through (i) the loss of crystallinity of the TPU, passing from ca. 6wt% to 0wt% and (ii),

its apparent growth of specific heat capacity, suggesting (heat consuming) desorption events. These

results and interpretations are strongly supported by low-field NMR experiments presented in Figure

5 that unambigusouly evidence that the polymer rigid fraction (i.e., having a low mobility) strongly

increases with increasing Φ. Although the exact nature of the physical bond(s) existing between the

polymer and the platelets is unknown, we believe that it relies on the affinity of the highly polar

polyurethane hard-segments and the hydroxyl groups at the alumina surface, as already observed

in similar materials [41]. In consequence, manufacturing materials having higher platelet volume

fractions endowed with a defect-free and well-aligned microstructure could possibly be attained by :

• improving the interactions between the platelets and the polymer (wettability) by limiting the

number of blocks, e.g., using triblock instead of multiblock copolymers, or increasing the overall

chain polarity by choosing another soft-segment chemistry.

• decreasing the polymer molecular weight when increasing platelet volume fraction so as to im-

prove the polymer diffusion between the platelets. This may lead to a loss of material ductility,

which is anyway unavoidable when increasing the platelet volume fraction.

4.3. Towards Stimulus Healing: Magnetic responsive Nacre-like composites

Although nacre-like composites are endowed with superior mechanical properties, particularly ow-

ing to tortuous crack propagation prior to failure, an important limitation resides in their single-use

nature. In what follows, we discuss about a possible healing procedure based on magnetic hyperther-

mia.

Magnetic hyperthermia is growingly used in material science to heal polymer-based goods in which

responsive (nano)particles are incorporated [48]. It consists of irradiating the material with an os-

cillatory magnetic field of typical frequency (100-1000 kHz) and amplitude (1-20 mT). The particles

absorb the radiation and transform it into heat through different mechanisms according to their size

and nature [49], favoring the polymer mobility. While millimetric and conductive particles can gener-

ate heat through Eddy currents, micrometric and nanometric particles produce heat through magnetic

walls motion and Néel relaxation, regardless of their electric conductivity. Heat might also be pro-

duced by Brownian relaxation in low-viscosity media and by friction [41, 50]. In this context, the use

of nano-magnetite Fe3O4 or nano-iron Fe is common and has already shown an interest for industrial
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applications. Healing through magnetic hyperthermia presents many advantages among which its

contactless nature, the possibility to heat selected parts of a material, its low thermal inertia and its

tunability that relies on both the stimulus characteristics and the material formulation.

While our long term goal is to manufacture healable nacre-like materials, this ambitious achieve-

ment requires two sine qua non conditions. First, the material must be reweldable, i.e., it must flow

on a reasonable time scale upon heating. Second, both the magnetic field and the material formula-

tion must be adapted so as the temperature can reach (at least) the TPU melting point to promote

polymer mobility and diffusion through the cracks. It is important to realize that while increasing

the content in responsive nanoparticles will help to reach a higher temperature, it is detrimental for

the macroscopic flowing and platelet alignment - the adjustable parameters must then be balanced

carefully.

Following this logic, we present preliminary results that support the feasibility of a magnetic

hyperthermia healing in Figure 10. In this case, 3 vol.% of polydisperse Fe nano- (and submicro-)

particles were added into composites loaded with either 10 or 15 vol.% in platelets; the resulting

microstructure is presented in Figure 10a where both Fe particles and alumina platelets are well

visible. As presented in Figure 10b, the incorporation of these responsive objects enables to easily
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Figure 10: a) SEM micrographs showing the presence of (polydisperse) Fe particles (3 vol.%) together with alumina

platelets (15 vol.%) within the TPU matrix. b) Temperature vs. time measured from a neat TPU loaded with 3 vol.%

of Fe nanoparticles at various magnetic inductor powers (tpulse/tperiod). Dashed lines are fit to the data with the

Box-Lucas equation (see text). c) Specific absorption rate vs. magnetic inductor power for neat TPU and composites

loaded with 10 and 15 vol.% in platelets. Dashed lines are linear fits corresponding to each sample. The black solid

line is a concatenated fit emphasizing the similar magnetic sensitivity of the three samples, all containing 3 vol.% in Fe

nanoparticles.
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reach temperatures higher than the TPU melting point, with a fine control of the terminal temperature

provided by the tunable pulse duration we apply with our device. The ratio tpulse/tperiod actually

represents the time fraction for which the pulsed magnetic field is effectively applied [41]. Interestingly,

we remark that the ability of the material to produce heat is not altered by the presence of alumina

platelets. In fact, Figure 10c reports the specific absorption rate (SAR), i.e., the specific dissipated

heat as a function of tpulse/tperiod, showing similar behavior for the neat TPU and both composites

loaded with 10 and 15 vol.% in platelets. The SAR can be extracted from the T(t) curves by focusing

on data at short time such as

SAR =
ccomp
p

xNP

dT

dt

∣∣∣∣
t→0

, (7)

where ccomp
p is the specific heat capacity of the composite calculated through a mixing rule and xNP is

the mass fraction of magnetic nanoparticles. Although this result could have been anticipated due to

the low-diamagnetic properties of alumina (no shielding effect), its confirmation ensures that similar

mechanisms (including possible nanoparticles motion and friction) occur in the whole set of samples.

Lastly, we report in Figure 11 the linear viscoelastic properties of the corresponding materials

measured at 180°C. As expected, the neat TPU above its melting point exhibits a loss modulus (G′′)

higher than its storage modulus (G′) on the whole frequency range, corresponding to a liquid-like

material able to flow in a few seconds in spite of the presence of 3 vol.% of Fe nanoparticles. The

situation is qualitatively similar for the composites loaded with 5, 10 and 15 vol.% in platelets although

the viscosity is expectedly higher and would therefore require longer healing time to ensure the same

level of reparation. The increment of viscosity is nevertheless moderated because of the limited specific

surface area of the micronic platelets (ca. 3.5m2 g−1) and their relatively low volume fraction (Φ ≤ 15

vol.%). At higher platelets contents (Φ =20 and 30 vol.%), G′ > G′′ on the whole frequency range

being synonymous of the materials gelation, i.e., viscosity divergence, preventing chains diffusion and

healing capability. In this case, an additional mechanical action such as hot-pressing will be required

to recover the integrity of the material.

5. Conclusion

To summarize, we have reported an "easy" layer-by-layer processing route enabling to manufacture

nacre-like composites made of a soft thermoplastic elastomer matrix reinforced by alumina platelets.

Beyond the homogeneous samples treated in the present work, this method offers the possibility to

produce easily composites with a gradient of properties. Although the volume fraction in platelet

was varied from 0 up to 75 vol.%, defects free samples could not contain more than 40 vol.% in
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inorganic fillers. In the 0-40 vol.% range, the composite could reach Young’s modulus of ca. 60MPa

and tensile yield stress of 16MPa, corresponding to an enhancement of the TPU properties by a

factor ca. 60 and 4 respectively. Tensile tests were completed by performing bending and indentation

experiments providing a complete picture of mechanical properties, confirming notably the interest of

these materials in contact/shock applications.

The loss of properties above 40 vol.%, already reported in the literature, was rationalized through

a combination of calorimetry and nuclear magnetic resonance experiments. While the former revealed

a drastic loss of the polymer crystallization upon the addition of platelets, the latter indicated a

growingly hindered polymer phase, demonstrating through quantitative arguments that the lack of

chain mobility in highly reinforced composite was at the origin of the processing difficulties. This

outcome suggests therefore to reduce the molecular weight of the TPU chain and possibly modify the

chemical nature of the soft-segment to enhance the platelet-polymer compatibility.

Lastly, we have proposed to use magnetic hyperthermia as a way to heal damaged nacre-like

composites by adding a restricted amount (3 vol.%) of responsive nanoparticles (Fe) in the brick-

and-mortar structure. Preliminary tests have demonstrated that it was possible to reach temperature
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Figure 11: Storage (G′, plain symbols) and loss (G′′, hollow symbols) shear moduli as a function of the frequency for

the neat TPU and responsive composites loaded with 5, 10 and 15 vol.% of platelets. These materials contain 3 vol.%

of Fe nanoparticles. Solid and dashed lines respectively represent G′ and G′′ for samples loaded with 20 and 30 vol.% in

platelets (see caption) but no Fe nanoparticles. Inset: Corresponding loss factor G′′/G′ for Φ ≤ 15 vol.% as a function

of the frequency highlighting the similar liquid-like behavior.
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higher than the polymer melting point in a few seconds regardless of the platelet content in the com-

posite. Materials containing between 10 and 20 vol.% in platelets have been characterized rheologically

to evidence their ability to flow macroscopically in a reasonable time scale ensuring efficient healing of

damages specimen. Comparison of the pre- and post- damaging mechanical properties is the next step

towards the development of this technology and will be treated in a subsequent article. In addition,

characterization of the anisotropic material properties will be further studied [8, 51, 52, 53, 54], which

is often disregard in the literature about artificial nacre-like materials.
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