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ABSTRACT 

Upconverting luminescent poly(methylmethacrylate)(PMMA)/poly(urethane)(PU) 

interpenetrating polymer network (IPN) nanohybrids were prepared using a sequential 

polymerisation incorporating different wt.% of cerium phosphate (CePO4) nanoparticles. The 

effect of miscibility/compatibility of the different PMMA/PU ratios, the addition and 

dispersion of rod and semi-spherical nanostructures in as well as the performance of selected 

IPNs under accelerated aging were studied using morphological, emission, thermal and 

mechanical studies. Structural studies revealed that there were physical interactions between 

C=O groups and CePO4 in PMMA/PU IPNs. The addition of a higher wt.% of nanostructures 

was found to decrease the transparency of the IPNs. Resulting PMMA/PU/CePO4 IPN 

nanohybrids are photoluminescent under UV-light, supporting the prolongate of lifetime 

while maintaining the mechanical properties after being subjected to accelerated weathering. 

The addition of semi-spherical particles resulted in a more stable materials after accelerated 

weathering than nanorods.  

Keywords: Ductile nanorods and semi-spherical nanostructures; Up-converting PMMA/PU/CePO4 IPNs, Optical properties. 

 

1.0 Introduction 

The design of materials with a high transmittance in the visible range, minimum heat 

loss, high structural strength and good durability is a challenge in the research of 

transparent or translucent structural panel for applications as bendable displays, 
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airplane canopies/windows, and light transmitting electromagnetic wave shielding 

material [1]. 

Transmittances above 80 % in the solar spectrum and a glass transition temperature 

(Tg) higher than 100 °C to avoid the greenhouse effect are some of the main 

requirements in this class of materials [2]. Poly (methyl methacrylate) (PMMA) and 

poly (carbonate) (PC) sheets are the most common polymeric materials used in glazing 

[3]. However, the toughness, thermal stability and photophysical performance used to 

protect them against UV radiation depend on a number of both chemical and physical 

properties, thus it is highly desirable to improve these properties for building 

applications [4, 5].  

A typical method to improve and reinforce the diverse properties of PMMA, whilst 

maintaining the transparency, is by combining it with other polymer networks such as 

the flexible poly(urethane) and form interpenetrating polymer networks (IPNs) [6]). 

IPNs consist of two or more cross-linked polymers with no covalent bonds between 

the phases and have synergistic properties and superior mechanical properties 

compared to the individual homopolymers [6]. In particular, transparent 

PMMA/Poly(urethane) IPNs have actually been reported as possible candidates for 

applications such as bullet-proof glass and ultra-durable self-cleaning surfaces [7, 8]. 

Research into hybrid IPNs has also grown in recent years as they offers a unique 

opportunity to prepare enhanced performance materials by combining the properties of 

the incompatible organic-inorganic phases involved [6, 9]. Among these inorganic 

phases, Fluoro-functionalized nanostructured silica (F-SiO2), silica (SiO2), carbon black 

(CB), barium titanate (BaTiO3) and polyaniline haven been incorporated into these systems 

[8, 10-14].  

In this context, cerium phosphate (CePO4) has been proposed as a UV absorber to 

delay the degradation provoked by the structural damage of plastics used in outdoor 

applications [15, 16]. As a consequence of its reduced dimensionality and well-defined 

4f-5d and 4f-4f electronic transitions allowed, CePO4 has huge potential as a 

promising material for up-conversion emission applications which have not been well 

studied into interpenetrating polymer networks [17].  

In previous work, the morphology of CePO4 nanostructures was found to be dependent 

on the pH used during their synthesis. Acid and alkaline conditions formed nanorods 

and semi-spherical morphologies, respectively [15, 16]. Our hypothesis in undertaking 

this work is that these different morphologies can reinforce mechanically polymers 



such as PMMA/PU IPNs by imparting ductility and converting the incident UV light 

into a less damaging radiation form (visible range) and therefore preventing the bulk 

of degradation. Nonetheless, it is essential to understand the mechanism by which the 

semi-spherical or rod morphologies are incorporated into the PMMA/PU IPNs as well 

to determine the effect of morphology on properties.  

To achieve this goal, it is necessary to study the conditions to obtain transparent and 

non-separated phases between PMMA and PU in IPNs by evaluating the 

compatibility/miscibility since it is well known that the synthesis is prone to full 

gelation and requires careful control of the net-to-net entanglement [8].  

Therefore, the present study describes the conditions to obtain high performance 

PMMA/PU/CePO4 IPNs. The addition of a ductile and aliphatic polyurethane into 

PMMA was varied between 10-50 wt.% to improve the mechanical properties and 

study its influence on the structural, thermal and morphological properties. In addition, 

varying amounts of the nanoparticle were added into PMMA/PU IPNs to determine 

the effect on nanoparticle/polymer interactions, the dispersion, morphology, 

photophysical features and thermal properties. Results from evaluation by tensile test 

(Tensile strength, Young modulus and elongation) of aging in heat/humidity 

conditions (500 h), and data of hardness and data of hardness and elastic modulus of 

accelerated weathering in UV/humidity (500 h) are reported. Improved in mechanical 

properties (strength and ductility) and prolongation of lifetime are benefits that 

flexible PU, nanorods and semi-spherical nanoparticles can provide in transparent 

PMMA/PU IPNs.  

Further, this work reveals that physical interactions between polymers and 

nanoparticles including the dispersion, govern the final properties of the 

PMMA/PU/CePO4 IPNs. 

2.0 Experimental 

2.1 Materials 

Methyl methacrylate (MMA, 99%), trimethylolpropane trimethacrylate (TMPTMA), 

1-hydroxycyclohexyl phenyl ketone photoinitiator (HPK, ≥ 99%), hexamethylene 

diisocyanate (HDI, ≥98%), poly (tetrahydrofuran) (PTHF, average molecular 

number ~650), trimethylolpropane (TMTP, ≥ 98.0%) dibutyltin dilaurate (DBTDL, 



95%) and tetrahydrofuran (THF, ≥ 99.99%) were purchased from Sigma Aldrich and 

used as received. MMA, TMPTMA and HDI were stored over molecular sieves. 

 

2.2 PMMA/PU synthesis 

IPNs were prepared by mixing TMTP (0.012 eq.) and PTHF (0.012 eq.) in a vial 

sealed with a rubber septum cap at 70 °C under nitrogen atmosphere for 1 h. The 

mixture was allowed to cool to room temperature, thereafter HDI monomer, MMA 

monomer, TMPTMA cross-linking agent and HPK photoinitiator were added and 

stirred for 1 h. Then, DBTDL catalyst was added to this mixture and stirred for 10 

min. The final solution was poured into a PTFE mould and kept for 18 h and 3 h in 

UV lamp (313 nm). During the synthesis, it was observed a phase separation when 5 

to 10 wt.% of PU was added to form PPMA/PU IPNs (See supplementary material in 

Figure I). For this reason, higher ratios of PMMA/PU in 80/20, 70/30, 60/40 and 

50/50 wt. % were only presented in this study, using two mixing times (10 and 60 

min). 

 

2.3 PMMA/PU/CePO4 hybrid IPNs 

CePO4 nanostructures with nanorod and semi-spherical morphologies with monoclinic 

structure were synthesized at pH 1 and 11, respectively, by the microwave-assisted 

hydrothermal method following the procedure described in [16].  

Different amounts (0.1, 0.5 and 1.0 wt.%) of both nanostructures, TMTP/THF 

mixture, HDI monomer, MMA monomer, TMPTMA cross-linking agent and HPK 

photoinitiator were sonicated for 3 h. DBTDL catalyst was added into the solution and 

sonicated for 10 min (Figure II in supplementary material). The final solution was 

poured into a PTFE mould and kept for 18 h and 3 h in UV lamp (363 nm). 

 

2.4 Samples characterisation  

Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) were 

conducted using a simultaneous Labsys Evo, Setaram TGA/DSC. Samples of DSC 

were tested at a heating rate of 10 K/min over the temperature range from 30 to 250 

°C, under nitrogen atmosphere. 10-20 mg of each sample was placed in aluminium 

crucibles and maintained at 30 °C for 2 min, heated from 30 °C to 250 °C, maintained 



again at 250 °C for 2 min, cooled from 250 °C to 50 °C. Then, samples were scanned 

from 50 °C to 500 °C to evaluate the decrosslinking and degradation.  

Morphology of 50/50, 60/40, 70/30 and 80/20 pure PMMA/PU IPNs was analysed by 

scanning electron microscopy (SEM) using a JEOL JSM-6701F microscope (5 kV of 

acceleration voltage). Samples were fractured after cooling in liquid nitrogen before 

being analysed.  

Morphology and structure of CePO4 were investigated by electron transmission 

microscopy (TEM) using a JEM-2000 FX electron microscope (JEOL) equipped with 

the selected area electron diffraction (SAED) patterns working at an accelerating 

voltage of 200 kV.  

Fluorescence measurements of nanorods and semi-spherical nanoparticles as well as 

PMMA/PU/CePO4 were developed on a Carl ZEISS microscope confocal (LSM 700). 

Spectra were acquired at 405 nm at room temperature. The fluorescence intensity 

measurements were performed using the built-in software ZEN of the LSM 710.  

Fourier Transform Infrared spectra of PMMA/PU and PMMA/PU/CePO4 IPNs in film 

shapes were obtained using a Nicolet iS5 (Thermo scientific) spectrometer fitted with 

an iD7 diamond attenuated total reflectance (ATR) accessory. Samples were scanned 

16 times at the maximum resolution (4.0 cm-1) in the 4000-650 cm-1. 

Spectra of PMMA/PU/CePO4 IPNs in the visible range were acquired in a Cary 5000 

UV/Vis scanning single beam spectrophotometer in the 400-700 nm, collected with a 

scan rate of 600 nm min-1, data interval of 1 nm, and average time of 0.1 s.  

SEM images and energy dispersive X-ray spectroscopy (EDS) elemental analysis and 

mapping of selected PMMA/PU/CePO4 samples (50/50 and 80/20 wt.%) were 

obtained on a Field Emission microscope (JSM-7800F) at 20 kV. Samples were 

sputter coated with Au-Pd for 30 seconds on a Quorum Q150T ES sputter coater 

system.    

Contact angle (C.A.) measurements were acquired on a Contact Angle System OCA. 

A drop of 2.0 µL of water as probe liquid was deposited on the samples surfaces 

through a syringe. Images were acquired by a video camera using the Dataphysics 

software. The reported angles were calculated with the software from the shape of the 

drop. Results are the average of at least 5 measurements of CA of droplets at different 

places on the surface of the IPNs.  

Samples were casted in PTFE moulds to obtain sheets with thicknesses of 1 mm. 

Sheets were cut into tensile dog-bone specimens in according the European Standard 



EN ISO 527-2. Tensile test was conducted in an Instron universal testing machine 

(Model 5944) at a crosshead speed of 20 mm/min by using a load cell of 2 kN. Data 

were recorded in the Instron software with averages of 4 replicates.  

Selected dog-bone specimen of PMMA/PU/CePO4 were subjected to ageing under 

humid conditions using a climate chamber (Memmer GmbH equipment) at 55 °C and 

85 % relative humidity for 500 h. The aged dog-bones were tested by tensile test using 

the conditions mentioned above.  

Specimens were subjected to UV radiation in a Fluorescent UV/Condensation 

weathering instrument under the ASTM G154 at wavelength of 340 nm. This device 

was equipped with UV-340 fluorescent lamps using intensity in the range of 0.71 

W/m2. Samples were exposed uninterrupted, 24 h per day during 21 days.  

Mechanical properties of the degraded surface of the PMMA/PU and 

PMMA/PU/CePO4 IPNs were evaluated using an Anton Paar Nanoindentation Tester 

NHT3 with a Berkovich diamond indenter, equipped with the Indentation 7.2.5 

software and using a linear loading/unloading rate of 100 mN/min and a max load of 5 

mN. 

3.0 Results and discussion. 

3.1Study of compatibility by SEM and DSC of pure PMMA/PU IPNs 

It has been well established that the detection of a single glass temperature transition 

(Tg) in polymer blends is indicative of their miscibility; while the detection of two Tg 

corresponding to their pure constituents indicates immiscibility [18]. Thus, to elucidate 

the compatibility of PMMA and PU forming the IPNs at different mixing times (10 

and 60 min), DSC studies and SEM observations were performed on as-prepared 

samples. The thermograms and Tg values corresponding to PMMA, PU and 

PMMA/PU IPNs with the different weight ratios are displayed in Figure 1 and Table 

1. No appreciable differences were acquired for the IPNs synthesized at 10 min and 1 

h, and for that reason the thermograms corresponding to mixing time of 10 min were 

not included in the Figure (Figure III in supplementary material). Samples show only 

one intermediate Tg between pure PMMA (115 °C) and PU (148 °C) indicating that 

there is no phase separation after the polymerisation process, and that there is adequate 

compatibility between the two polymers in the synthesized samples. The only 

remarkable difference by comparing the mixing time was observed in samples with a 



50:50 composition where the Tg was shifted from 138 °C to 156 °C, with 10 min and 

60 min, respectively; which reflects the influence of the mixing time on the degree of 

interpenetration [19]. The mismatch in the temperatures is evidence of restricted chain 

mobility due to the better entanglement between PMMA and PU, i.e. with higher 

mixing times, PMMA has the opportunity to interlock in the continuous elastomeric 

domains (PU) that results in a decrease of free volume [20].  

SEM morphologies of as-prepared PMMA/PU IPNs using both mixing times are 

shown in Figure 2 c-j.  

For comparison, the figures 2a-b also show morphologies of the pure PMMA and PU. 

Similar morphologies independent of the mixing time are presented in 80/20 and 70/30 

PMMA/PU IPNs. As it is seen in Figure 2c-f, these types of morphologies consist of 

homogeneous smooth surfaces which did not resemble the pure PMMA structure in 

Figure 2a. By comparing 10 min of mixing time in blends with higher amounts of PU 

(PMMA/PU 50/50 and 60/40) to those of 60 min, the homogeneity is seen as proof of 

their miscibility. The morphology for samples mixed for a short time (10 min) showed 

non-homogeneous textures consisting of dispersed nodular phase domains of few 

micrometres (Figure 2 g and i). These results indicate that from amounts of 40 wt.% 

of PU, the mixture needs more time to reach homogeneity. This feature has been 

reported in neat thermosets specimens [21] and it has been related to opacity and phase 

separation in polymers [22]. 

In contrast, PMMA/PU 50/50 and 60/40 (60 min) displayed a more homogeneous 

material and an interlocked morphology (Figure 2i and j) regardless of mixing time.  

The more interlocked morphology in PMMA/PU 50/50 (Figure 2j) corroborates the 

DSC studies, where the increasing in the Tg was observed at the highest mixing time. 

After analysis of the mixing time, 60 min of mixing time was chosen for further 

analysis in pure PMMA/PU IPNs. 

 

3.2 Structure and optical properties of CePO4 nanostructures 

The structure and TEM micrographs of CePO4 nanostructures with their corresponding 

selected area electron diffraction (SAED) patterns are shown in Figure 3. Nanosized 

polycrystals and monocrystals of CePO4 with semi-spherical and rod type-

morphologies, both with monoclinic structure (PDF # 04-007-2786), were detected in 

samples synthesised at pH 11 and 1, respectively. It is important to highlight that the 



chemical composition of these nanostructures was verified by X-ray photoelectron 

spectroscopy (Figure IV, see supplementary material).  

Similarly, the emission spectra of each sample were studied using fluorescence 

measurements. Figure 4 shows the photoluminescence spectra of nanorods and semi-

spherical nanoparticles, which were excited at 405 nm. The spectrum of nanoparticles 

with rod type morphology exhibits two characteristic emission peaks associated with 

CePO4, one is located at 480 nm and 580 nm. In contrast, semi-spherical particles 

display a broad emission centred at 468 nm. These signals are attributed to 2F  2D 

transitions of Ce3+ ions [17, 23]. 

 

3.3 Structural changes during incorporation of CePO4 to IPNs 

FT-IR analysis has been performed to confirm the chemical structure of the 

PMMA/PU IPNs before and after the addition of CePO4 (Figure 5a-d). As expected, 

FT-IR spectra in Figure 5a-d are characterized by the typical absorption bands of 

PMMA and PU single polymers [24-28]. 

There was no evidence of new vibrational bands indicating that as expected no new 

bonds were present since IPNs are only entangled and interlocked on molecular scale 

[29]. Typical bands of PMMA and PU are listed in Table 2 and 3.  

CePO4 absorption bands could not be detected in the spectra due to the low content 

added in IPNs (0.1 wt.%). Donor-acceptor interaction between the electron pair of 

carbonyl oxygen and Ce3+ ion probably plays the main role in the stabilization of 

the CePO4 nanostructures. Additionally, Ce nanostructures can interact with the 

vibrational C=O bands that appears in the 1716- 1650 cm-1 region. In tis 

important to note that C=O band was shifted to lower wavenumbers upon the 

addition of semi-spherical nanoparticles. This displacement indicates that 

apparently the higher surface area influences on the physical interactions and 

also, that the energy required to vibrate the C=O groups is higher (High 

frequency) when they interact with semi-spherical particles rather than rod-like 

(low frequency), which indicates the strong donor-acceptor interaction between 

them. Interactions between the hydrogen of the free N-H groups with the oxygen 

in CePO4 and the electron pair of the nitrogen in PU with the cerium ions are 

other probable interactions [30]. A representation of the possible interactions is 

given in Figure 6. These interactions were proposed from the crystallographic 

planes observed during TEM analysis. The interaction of nanorods with 



PMMA/PU IPNs takes place preferentially on the high-energy exposed facets, 

such as (002) or (003) planes; it means that the interaction with the polymer is 

most probably with the oxygen contained in CePO4 nanostructures rather than 

the cerium or phosphorous ions.  

The interfacial non-covalent interaction was confirmed by analysing the carbonyl band 

by adding higher amounts of both type of morphology in PMMA/PU 50/50 IPN 

(Figure 5d). As it is observed, a broad band is detected in the 1770-1660 cm-1 region in 

samples containing 0.1 wt.%, independent of the morphology type. With further 

addition of semi-spherical nanostructures (0.5 and 1 wt.%), the carbonyl bands split into 

two separate well defined peaks designated as PMMA carbonyl (higher wavenumber) and PU 

carbonyls (lower wavenumber), respectively [31]. Thus, by adding more nanoparticles into 

the PMMA/PU IPN, we can distinguish both carbonyls that are interacting with the 

nanoparticles in the IPNs. 

 

3.4 Optical properties 

The degree of transparency and the influence of the 0.1, 0.5 and 1 wt.% of CePO4 in 50/50 

and 80/20 added to the PMMA/PU systems was evaluated by visible spectroscopy in the 400-

700 nm range which was considered as a gauge of optical properties. However, it is 

important to highlight that the percentage of the transmitted light that is able to pass 

through a material, it is not the only parameter that must be considered to analyse the 

optical properties; so it must be taken into account the percent of transmitted light that 

is scattered (> 2.5° from the direction of the incident beam). In such conditions, optical 

properties can be more properly determinate using haze measurements [32].  

Transmission spectra in the visible region for 50/50 and 80/20 ratio of PMMA/PU/CePO4 

IPNs are shown in Figure 7. Due to an increasing in light scattering, the incorporation of 

CePO4 nanoparticles modifies the transmittance in the visible region [33],  

It was observed that the addition of 0.1 wt.% of semi-spherical particles results in a higher 

transmittance than the addition of nanorods in 50/50 and 80/20 system. Another observation 

was that the transmittance was reduced as the content of CePO4 increased in IPNs in both 

50/50 and 80/20 systems. These observations agree with the visual observations in samples 

showed in Figure V in supplementary material where opaque samples are seen with higher 

wt.% of nanostructures. Light scattering is undesirable in this type of polymers, as it can 

decrease the fraction of light absorbed [34]. As known, to maintain the transparency of a 

material, particles to be dispersed therein must be nanoparticles that scatter light only slightly 



and this can be achieved by having no agglomeration of the nanoparticles [35, 36]. Thus, the 

addition of CePO4 nanostructures interferes with common degradation pathways in 

PMMA photochemistry. The reduction in transmittance of CePO4 incorporation is 

affected by the particle size and morphology. For example, nanorods due to their 

anisotropic characteristics scatter light into different directions and this affect the 

appearance in the PMMA/PU systems producing opaque samples. On the other hand, 

semi-spherical nanoparticles, reflect light to a constant direction and produce a glossy 

appearance [37]. 

 

 

 

 

3.5 Distribution of nanostructures in PMMA/PU IPNs.  

3.5.1 CLSM and SEM/EDS 

Some studies have shown the incorporation of different types of inorganic phases, however, 

CePO4 nanoparticles have not been studied into interpenetrating polymer networks. 

Dispersion is one of the main factors that influence on the final properties. For many 

applications that includes high transmittance in visible light of materials, these nanoparticles 

would benefit from having CePO4, in both morphologies, to impart structural and mechanical 

properties as well as prolongation of the lifetime.  

A common technique to evaluate the dispersion of CePO4 nanoparticles in PMMA/PU IPN 

systems is confocal laser scanning microscopy (CLSM). The technique allows us to identify 

the nanoparticles by detecting the wavelength of emission and generates images pixel by 

pixel while the sample is irradiated with UV light (in this study) [38]. 

In an attempt to compare the dispersion of the nanorods from the results of CLSM 

micrographs/spectra to those with semi-spherical nanostructures, we selected samples of 

PMMA/PU/ IPNs with CePO4 nanoparticles dispersed at 0.1 wt.%.  

Nanorods were incorporated homogenously in PMMA/PU 50/50 and 80/20 systems while the 

presence of agglomerates can be noticed in the images of the intermediate PMMA/PU IPNs 

ratio (60/40 and 70/30) (Figure 8). 

The distribution of semi-spherical (Figure 9) in the IPNs showed that these nanostructures 

can be homogenously incorporated in the 60/40 ratio. However, the tendency to form 

agglomerates is more prevalent in 70/30 and 80/20 systems. For more clarity, different 

images of CLSM are included in Figure VI-VII in supplementary material.  



The upconverting emission spectra of the selected samples are also shown in Figure 8 

and 9. The results indicates that emission intensity tend to increase with the amount of 

PMMA in the hybrid system. Three main emission bands in the visible region can be 

observed 425-490 nm, 493-558nm, 562-625 nm which overlapped with the peaks 

associate with CePO4 nanostructures. A small fluorescence emission is also observed in 

the region of 623-700 nm which could be associated with the used sources; PMMA/PU, 

photoinitiator, and/or CePO4 nanostructures. In this work was used type I 

photoinitiator to start IPNs polymerization, which acts directly on PMMA. According 

to Liu and co-workers, the emission spectra of 1-hydroxycyclohexyl phenyl ketone 

(HPK) appears in the range of 420-450 nm, which surely overlaps in the region of 425-

490 nm. On the other hand, a quite weak emission was observed in the CePO4, therefore 

it seems to be evident that the main contribution of the emission at 623-700 nm belonged 

to the interpenetrating polymer network. The upconverting emission of the as-prepared 

samples suggest that the  PMMA/PU/CePO4 IPN nanohybrids can mantain the initial 

optical properties of PMMA [39] . 

Comparison between the ratio of PMMA/PU and type of morphologies indicates that both 

types of morphologies are well dispersed in IPNs with less amount of PMMA (50/50 and 

60/40). Nevertheless, comparison between nanorods and semi-spherical at the highest ratio 

with PMMA (80/20) indicates that nanorods are easier to disperse than semi-sphericals which 

may result from the high stiffness of the carbonyls C=O and methyl groups (CH3) in PMMA 

macromolecule and the tendency of nanorods type that tend to have lowest surface specific 

area than semi-spherical.  

In an effort to get a better understanding of dispersion/distribution of the different wt.% of 

CePO4 in PMMA/PU IPNs, samples with the highest and lowest ratio of PMMA/PU (80/20 

and 50/50) were selected to acquire EDX mapping images. Results are shown in Figure 10. 

The results are presented as yellow dots of the cerium (the element of interest) in samples, 

also SEM micrographs are shown as inset figures.  

CePO4 nanostructures were found to be more difficult to disperse in samples with high 

PMMA content. The reason that the nanoparticles are well dispersed in a 50:50 ratio is 

related with compatibility of the polymers forming the IPNs. As it is being stated, an excess 

of PMMA produces a system completely phase separated [7]. Then, this produces that 

polyurethane at 20 wt.% of addition cannot be fully interlocked with the PMMA; 

consequently, it is probable that the phases were slightly separated and this avoids the 



incorporation of the nanostructures in the free sites of the IPNs and their physical interaction 

with the carbonyls groups.  

The inset micrographs also show that IPNs with an excess of PMMA display the typical 

coarse morphology of PMMA (Figure 2a) and thermoset materials [21]. On the other hand, 

with the addition of 50 wt.% of PU, PMMA/PU 50/50 showed a smooth texture similar to 

pure PU (Figure 3b).   

Another observation was the amount (wt.%) of nanoparticles added to the systems. It was 

seen that independent of the morphology type, the CePO4 nanoparticles dispersed at the 

lowest amount (0.1 wt.%) were distributed uniformly in the 50/50 and 80/20 PMMA/PU 

IPNs. However, higher amounts of CePO4 (0.5 and 1 wt.%) into PMMA/PU caused the 

formation of some agglomerates which is dots over the surface of the micrographs. The latest 

can be clearly observed when the nanorods are added in an 80/20 ratio.  

 

 

3.5.2 Surface properties 

Water sessile drop contact angle tendencies are shown in Figures 11. As it is shown, the 

water contact angle (C.A.) for pure samples in 50/50 and 80/20 ratios showed values c.a. 80° 

and 85°, respectively. These results are higher to the neat PMMA reported in different reports 

[40-43] and in good agreement with previous research where a water contact angle of c.a. 81° 

was reported for PMMA/PU (tolylene-2,4-diisocyanate, TDI) system [8].  

It is known that in rare earth phosphate systems, the H2O repelling nature is explained based 

on one-way H-bond interactions between the H+ of water and O- of the 𝑷𝑷𝑷𝑷𝟒𝟒
𝟑𝟑− moieties [44]. 

The bulky 𝑷𝑷𝑷𝑷𝟒𝟒
𝟑𝟑− units surrounding the ions can make them available for interacting with 

H2O. In this case, the addition of both type of nanostructures of CePO4 unfortunately did not 

improve the wettability properties showing C.A. between 80-89°. 

 

3.5.3 Thermal properties 

DSC thermograms of every ratio of PMMA/PU with the addition of the nanostructures in 

varying wt.% are compared in Figure 12. Quantitative results obtained from DSC are 

presented in Table 1. 

 It was seen that independent of the morphology and the wt.% added (semi-spherical or rod), 

the addition of CePO4 in the 80/20 system of PMMA/PU IPNs did not produce an important 

change in the Tg since the values obtained (124 °C) are near to the Tg of pure 80/20 IPN (123 



°C). On the other hand, the Tg of pure PMMA/PU 50/50 is modified dramatically when 

nanorods are added since it is reduced from 148 °C (pure 50/50 IPN), to 124 °C, 123 °C and 

120 °C. As stated in previous reports, the Tg of polymer nanocomposites can be modulated 

by polymer-nanofiller interactions [45]. Hydrogen bonds is an example of effects that can 

lead to enhancements rather than depression in Tg [46]. A reduction in Tg has been reported 

due to  weak interactions between filler and polymer [47].  

As can be seen from the data above, these types of nanostructures did not increase the Tg and 

the reduction could be due to the plasticizer effect of these nanoparticles which are similar to 

the POSS-polymer surface interactions with isobutyl (iBu) systems [48]. However, it was 

observed that the Tg of 50/50 IPNs with semi-spherical particles is maintained between 123-

124 °C. 

An interesting observation in the DSC thermograms was observed with the appearance of 

new endothermic processes in almost all of the PMMA/PU IPNs upon the addition of the 

nanostructures. These endothermic peaks are attributed to the structural relaxation process 

that arise from the molecular rearrangement in the structure as a consequence of the reduction 

of free volume, well known as densification [49].  

The incorporation of nanorods apparently produces one relaxation peak, whereas the 

addition of semi-spherical particles produces overlapped peaks consisting of two signals 

close each other. Recovery peaks have been used to explore the miscibility of polymer 

blends. For example, miscible PMMA/PVC blends display a single peak, indicating a one-

phase system that is miscible [50]. However, interpenetrating polymer networks are 

heterogeneous systems forced by entanglement and are different from miscible polymer 

blends [51]. Therefore, the appearance of recovery peaks is due to the heterogeneous systems 

as interpenetrating polymer networks. These peaks represent the recovery of energy relaxed; 

larger peaks signify greater structural relaxation [52].  

In order to evaluate the recovery of energy relaxed, the area under the peaks was calculated 

and is shown in Table 1. It was observed that heat flow of relaxation increases with the 

amount of nanostructures (both) and there is a shifting to higher temperatures in 50/50 

systems.  

In 80/20 systems with nanorods incorporated, the heat flow of peaks decreases with the 0.1 

and 0.5 wt.% of nanostructures but increases with the addition of 1 wt.% which consists of 

two relaxation peaks; in this case the temperature is shifted to lower values. This was also 

seen upon the addition of these semi-spherical particles. In nanocomposites, the  phenomenon 



of increasing relaxation peak is indicative of the increasing temperature range required to 

increase the mobility of the polymer chains ([53]).  

TGA curves of PMMA and PU in Figure 13a showed single and double stage degradation 

and no mass loss up to 240 °C and 310 °C, respectively indicating good thermal stability up 

to those temperatures.  

The PMMA derivative curve in Figure 13c display three peaks corresponding to the CO2 and 

CO vapours (320 °C), the chain breaking of the carbonyl groups located in the surrounding of 

the cross-linking points as well as of the degradation of the acrylate groups (380 °C) and 

decomposition of crosslinking agent fragment (435 °C) [54, 55]. 

In the case of PU, the DTGA curve also exhibits two stage of degradation at 386 °C and 425-

437 °C; where the 1st stage is due to the breakdown of the urethane linkage to the polyol and 

isocyanate and the 2nd is due to the polyol and diisocyanate decomposition into small 

molecules (primary amine, alkene, aldehyde, ketone, carbon dioxide, water) [56, 57]. 

For all PMMA/PU IPNs, two stage thermal decomposition was observed. There is not much 

change in the thermal stability of selected PMMA/PU (80/20) with the incorporation of 

CePO4 in both the rod and semi-spherical morphologies. However, the thermal properties of 

IPNs were found to be better than the single polymers.  

 

3.5.4 Mechanical properties 

Mechanical data and fracture optical images of PMMA/PU and PMMA/PU/CePO4 IPNs are 

reported in Table 4, Figure 14 and Figure 

VIII (Supplementary material). We investigated the effect of the different ratio of PMMA/PU 

and the addition of different wt.% (0.1, 0.5 and 1 wt.%) as well as the influence of 

morphologies (rod and semi-spherical).  

As expected, the introduction of aliphatic PU led to significant changes in the mechanical 

properties. The effect of adding more than 20 wt.% of PU in PMMA was quite significant in 

the Young´s modulus, tensile strength and strain (%). The Young´s modulus was reduced 

together with tensile strength since to the toughness effect that the soft PU imparts to the rigid 

PMMA; strain (%) was increased satisfactorily from 124% (80/20 ratio) to 238 % (50/50 

ratio).  

The study of addition of different morphologies of CePO4 in PMMA/PU IPNs gives an 

indication of the dispersion and its correlation to the shape (morphology of nanostructure) on 

the final mechanical properties. Both types of morphologies were found to improve the 

mechanical properties; the nanorods particularly increased the extensibility when there is less 



amount of PMMA (50/50). On the contrary, semi-spherical particles increase the deformation 

percent when PMMA is in higher amounts (80/20). This increase is mainly to the ductile 

character of CePO4 which was reported earlier by W. Lijuan et al. [58].  

As is observed in the Young´s modulus results, the addition of only 0.1 wt.% of nanorods 

reduces the stiffness of the pure matrix from 7 MPa to value of 2.37 MPa, it was observed 

that with this wt.% the % of strain was improved significantly (856%) while maintaining a 

similar the tensile strength to the pure matrix. This behaviour in strain (%) and Young 

modulus is restricted to the wt. % of the addition; if they are added in higher amounts (>0.5 

wt.%), samples become more rigid than the hybrid with 0.1% but less than the pure matrix. 

Therefore, the extensibility is reduced by increasing the content (wt.%) added, 761 % and 

652 % for 0.5 % and 1 wt.%, respectively.  

The study of incorporation of semi-spherical particles indicates that this types of 

nanostructure can also improve the mechanical properties of pure PMMA/PU 50/50 IPN but 

not significantly as the incorporation of 0.1 wt.% of nanorods. Samples display Young 

modulus c.a. 3 MPa, tensile strength between 54-30 MPa and % of strain of 323-654 % 

which increases with the amount of semi-spherical nanoparticles.   

The incorporation of nanorods in 60/40 system also decreased the Young´s modulus slightly 

and reduced the tensile strength compared to the pure matrix; in this case, the increase in 

tensile strength and extensibility is improved with the amount of nanostructures. In contrast, 

the incorporation of semi-spherical particles reduced the Young modulus further than the 

addition of nanorods, displayed improved tensile strength behaviour and reached strains of up 

to 975 % (obtained by only adding 0.1 wt.% which is decreased with the amount of semi-

spherical (760-864 %)). 

It was observed that nanorods in the different % of addition (0.1, 0.5 and 1 wt.%) in 70/30 

system display similar Young modulus and strain, however, sample with 0.1 wt.% show low 

tensile strength than the others. On the other hand, the addition of semi-spherical type (0.1 

wt.%) has the same behaviour as nanorods. The addition of more than 0.5 wt.% increase the 

stiffness (higher Young modulus) and the tensile strength, however only the addition of 0.5 

wt.% improve the extensibility until 452 %.  

In general, young modulus of IPNs with a higher amount of PMMA (i.e., PMMA/PU 80/20 

IPN) were reduced by incorporating either nanorods or semi-spherical nanostructures. 

The introduction of nanorods did not improve significantly the Young’s modulus but 

increased the tensile strength with the wt.% of nanostructures (27, 24 and 35 MPa for 0.1, 0.5 

and 1 wt.%, respectively). Strain (%) of pure matrix with the nanorods is maintained between 



122-141 %, except for the sample with 0.5% that showed 78% of extensibility; this value 

could probably be due to the not well dispersion of the nanoparticles in 80/20. 

On the contrary to the nanorods, better ductility is provided by adding only 0.1 wt.% (722%), 

this system (80/20) is characterized by lower Young´s modulus (6.9 MPa) and higher tensile 

strength (39 N) than the pure matrix. The addition of more than 0.5 wt.% increased the 

stiffness (high Young´s modulus) and reduces the tensile strength and extensibility 

proportionally.  

As it was observed, integration of CePO4 nanostructures in rod and semi-spherical 

morphology in PMMA/PU IPN provides excellent mechanical properties. Most notably, these 

systems are better in Young´s modulus, in tensile strength and strain than other similar 

systems reported for pure PMMA/PU IPNs [7].  

Despite the improvement in mechanical properties, the homogeneity of the  dispersion of 

nanoparticles in the nanocomposites is still debated [59], we believe that the different value 

in mechanical properties, mainly the strain, is mainly due to the degree of dispersion of semi-

spherical and rods nanostructures. It is obvious that the addition of 0.5 and 1 wt.% is more 

difficult than 0.1 wt.%; we know that nanostructures have largest surface specific area that 

leads to higher degree of agglomeration, this makes them more difficult to disperse into the 

polymer matrix IPN[60]. We do believe that if nanorods in 0.5 wt.% and 1 wt.% in 50/50 and 

80/20 were more dispersed, the mechanical properties such as the extensibility could go 

higher than 856 % and 722%, respectively.  

Another interesting observation of this study was the influence of the amount of the type of 

polymer (PU or PMMA). Overall, when there is a lower amount of PMMA, both type of 

morphologies were found to increase the mechanical properties and with more PMMA, 

mechanical properties are lower. The latter was observed in sample with 0.1 wt.% (semi-

spherical) that it was easier to incorporate and disperse and produce results compared to the 

PMMA/PU/CePO4 nanorods hybrids.  

Therefore, enhancements in strength, elongation and Young's modulus might be attributed to 

the homogeneous dispersion and the interfacial bonding between the organic polymer and 

inorganic CePO4 nanoparticles in the nanocomposites. 

 

3.5.5 Heat and humidity aging  

To better understand the mechanical stability under heat and humidity conditions and the 

consequences on the mechanical properties of selected PMMA/PU and PMMA/PU/CePO4, 

IPNs were evaluated by tensile testing after 500 h of accelerated aging. It is evident that 



polymeric materials undergo degradation under these conditions, therefore their mechanical 

performances will progressively decrease with time [61]. As it is shown in Table 5, 

elongation at break, tensile strength and Young´s modulus of all samples showed a detriment 

in mechanical properties after aging. Samples in 50/50 and 80/20 ratio of PMMA/PU with 0.1 

wt.% of semi-spherical type CePO4 nanoparticles showed the best stability under aging. 

Compared to CePO4 semi-spherical type, the addition of the same % of nanorods did not 

maintain the stability after 500 h probably due to the dispersion of bigger particles. As it was 

mentioned above, nanorods were found to be easier to disperse than semi-spherical. 

Therefore, if the latest in higher wt.% of addition, were well dispersed, they would maintain 

the mechanical properties and prolong the lifetime under thermal (60 °C) and humid 

conditions. No significant damage such as cracking was observed on the aged samples 

(Figure IX, See supplementary material).  

 

3.5.6 Accelerated weathering test (UV light)  

Mechanical properties of selected PMMA/PU/CePO4 IPNs were evaluated before and after of 

being subjected to accelerated weathering test (using UV light and humidity) by 

nanoindentation test. Instrumental hardness and elastic modulus of selected aged and non-

aged PMMA/PU/CePO4 IPNs were determinate from the load-unloading curves by using the 

following formulas:   
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Where A(hc) is the projected contact area which is calculated by knowing the geometry of 

the nanoindenter and the contact hardness. 𝒗𝒗𝑰𝑰𝑰𝑰 is the ratio of Poisson, 𝒗𝒗𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊 is the ratio 

of Poisson of indenter, S is the slope of the tangent of the force/indentation during unloading 

curve and hc is the depth of contact which depends on the shape of indenter. It is important to 

note that measurement of elastic modulus acquired from nanoindentation and tensile test do 

not correlate exactly due to the different effects such as surface effects, surface oxidation, 

type of loading is compressive in nanoindentation (not tensile), etc [62]. Therefore, these 

values cannot be compared to those of the Young´s modulus obtained from the tensile test.  

In Table 6 the variation of HIT and EIT of the unexposed and exposed surfaces of selected 

samples is shown. In the case of pure IPNs in 80/20 and 50/50 ratio, it was not possible to 



analyse the HIT and EIT since samples were found broken after aging, as shown in Figure X 

in supplementary material, samples became rigid and cracked due to the degradation.   

The differences of the UV/humidity stability between the addition of semi-spherical and 

nanorod was evaluated in 80/20 systems. In this case, the HIT and EIT increased from 1.3 to 

3.2 GPa with the addition of nanorods while with semi-spherical, the mechanical properties 

were maintained. This was confirmed with increasing the values in 50/50 system with the 

addition of semi-spherical particles. As it is stated, polymers subjected to accelerated 

weathering tends to increase the stiffness and the Young´s modulus due to the alternation of 

wet/dry and the damage of UV light which produces crosslinking reactions [63]. Some 

mechanisms suggest that the increasing of elastic modulus is due to the physical aging (no 

chemical modification), to the difference between room temperature and Tg increases [64], to 

the hydrogen bonding generated after aging and the additional cross-linking leading to 

increase the structural network density since new bonds can be generated between the 

existing chain segments or between the chains. Therefore, cross-linking leads to harder 

materials, characteristics of high EIT and HIT [62, 63]. 

In summary, CePO4 nanostructures can mechanically strengthened PMMA/PU 

interpenetrating polymer networks while supress the typical PMMA photodegradation. 

It is well known that PMMA photolysis involves the triplet carbonyl and O2 triggered 

from the formation of oxidizing reactive species via Norrish type reactions. CePO4 

nanostructures avoid irreversible damage caused by photocleavage of the polymers 

(Norris type I) and photooxidation acting as light quenching [15, 65, 66].  

 

4. Conclusions 

As illustrated by the different studies done in this work, prolongation of lifetime of 

interpenetrating polymer networks (IPNS) composed of PMMA/PU can be improved by 

incorporating cerium phosphate nanoparticles with either nanorod or semi-spherical type 

morphology. Our observations suggest that pure PMMA/PU IPNs did not maintain their final 

properties under UV light due to the absorption of them in this range. In fact, samples became 

cracked and damaged (Figure 15). But, when CePO4 nanoparticles are incorporated, they can 

absorb the energy in this range and be excited; electrons in valence band can jump up to 

higher energy states releasing their energy into a lower energy in the visible range where 

PMMA/PU are invisible and the released photons cannot damage at all the polymers. Semi-

sphericals more than nanorods have a better performance in the lifetime of 

PMMA/PU/CePO4 which is mainly due to the type of morphology.  



An improvement in the lifetime and mechanical properties of PMMA was achieved by the 

incorporation of upconverting CePO4 luminescent nanoparticles and PU in different wt.% 

prepared by the sequential polymerisation of PMMA/PU. The resulting PMMA/PU/CePO4 

hybrid material prepared not only possess adequate optical and mechanical properties, it also 

exhibits structural, wettability and thermal properties for outdoors applications.  

The final properties of PMMA/PU/CePO4 depend on the dispersion and the morphology type. 

Nanorods were more easily dispersed than semi-spherical particles due to their low specific 

area, and contributed to an increase the strain due to the nanorods orientation. However, 

when semi-spherical are better dispersed, they can provide and maintain the properties after 

being subjected to accelerated weathering essays either by using heat/humidity or UV 

radiation/humidity/heat. 
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Figure 1. DSC thermograms of PMMA, PU and pure PMMA/PU IPNs 



 

Figure 2. SEM micrographs of the comparison of morphologies of pure PMMA/PU IPNs 

synthesized during 10 min and 1 h  
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Figure 3. TEM micrographs and SAED patterns of CePO4 in nanorods (pH 1) and semi-

spherical (pH 11) morphologies  
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Figure 4. Fluorescence of CePO4 in nanorods (pH 1) and semi-spherical (pH 11) type morphologies 
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Figure 5. FT-IR spectra of a) PMMA/PU IPN b) PMMA/PU/CePO4(pH 1) IPNs, c) 

PMMA/PU/CePO4(pH 11) IPNs and d) Comparison between the addition of 0.1 wt.% CePO4 

pH 1 and pH 11, e) Comparison between the addition of 0.1, 0.5 and 1 wt.% in PMMA/PU 

50/50. 
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Figure 6. Representation of physical interaction between CePO4 nanostructures and 

PMMA/PU IPN. 
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Figure 7. Visible spectra of PMMA/PU/CePO4 IPNs 
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Figure 8. CLSM micrographs with their corresponding emission spectra of CePO4 nanorods 

in 0.1 wt.% into 50/50, 60/40, 70/30 and 80/20 ratio of PMMA/PU IPNs. 
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Figure 9. CLSM micrographs with their corresponding emission spectra of CePO4 semi-

spherical in 0.1 wt.% into 50/50, 60/40, 70/30 and 80/20 ratio of PMMA/PU IPNs. 
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Figure 10. Representative SEM micrographs with their corresponding Cerium EDS 

elemental dot mapping of the addition of nanorods and semi-spherical nanoparticles in 0.1, 

0.5 and 1 wt.% into 50/50 and 80/20 ratio of PMMA/PU IPNs. 
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Figure 11. Water contact angle testing of selected PMMA/PU IPNs: a) pure PMMA/PU 
IPNs, b) PMMA/PU/CePO4 (nanorods) IPNs and c) PMMA/PU/CePO4 (semi-spherical) 
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Figure 12. DSC thermograms of a) PMMA/PU(80/20)/nanorods_CePO4, b) 
PMMA/PU(80/20)/semi-spherical_CePO4, c) PMMA/PU(50/50)/nanorods_CePO4 and d) 
PMMA/PU(50/50)/semi-spherical_CePO4. 
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Figure 13. TGA thermograms of a) pure PMMA/PU IPNs, b) DTGA of PMMA and PU and 
c) TGA thermograms of comparison between PMMA/PU/CePO4 with the addition of 1 wt.% 
of nanorods and semi-spherical 
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Figure 14. Mechanical properties pure PMMA/PU and PMMA/PU/CePO4 IPNs 



 

Figure 15. Luminescent mechanism of PMMA/PU/CePO4 under UV light. 
 



Tables. 
 

Table 1. Data of thermal transitions detected in DSC thermograms of PMMA/PU and PMMA/PU/CePO4. 
PMMA/PU  

 
ratio 

Addition of CePO4 

(wt.%) 
Type of morphology Tg 

 
(°C) 

Area under 
peak 1  
(mW) 

Area under 
peak 2 
 (mW) 

(Tp1)  
 

(°C) 

(Tp2)  
 

(°C) 

Interval peak 1  
 

(°C) 

Interval peak 2  
 

(°C) 
Nanorods Semi-spherical        

50/5010min --- --- --- 130 ---  ---  ---  
50/50 --- --- --- 148 --- --- --- --- --- --- 
50/50 0.1 X  124 0.12378 --- 160 --- 131-212 --- 
50/50 0.5 X  123 0.15759 --- 186 --- 155-189 --- 
50/50 1 X  120 0.41217 --- 182 --- 154-222 --- 
50/50 0.1  X 123 --- --- --- --- --- --- 
50/50 0.5  X 124 0.00338 0.03348 187 209 179-196 198-227 
50/50 1  X 123 0.01968 0.03961 176 215 161-192 198-230 

60/4010min --- --- --- 125 --- --- --- --- --- --- 
60/40 --- --- --- 125 --- --- --- --- --- --- 

70/3010min --- --- --- --- --- --- --- --- --- --- 
70/30 --- --- --- 126 --- --- --- --- --- --- 

80/2010min --- --- --- 123 --- --- --- --- --- --- 
80/20 --- --- --- 123 --- --- --- --- --- --- 
80/20 0.1 X  124 0.22685 --- 185 --- 160-210 --- 
80/20 0.5 X  124 0.10205 --- 204 --- 177-228 --- 
80/20 1 X  124 0.03809 0.01625 183 220 165-200 207-229 
80/20 0.1  X 124 0.07426 0.00528 180 202 162-195 196-213 
80/20 0.5  X 124 0.00363 0.03521 187 209 177-196 200-227 
80/20 1  X 124 0.04835 0.0218 179 201 163-192 194-211 

 
 

  



Table 2. Poly(urethane) vibrational bands (in cm-1) observed in FTIR spectra and their assignments. 

Wavenumber (cm-1) Assignment 

3323 NH Stretching vibration 

2934,  2853 and 2798 CH Stretching: antisymmetric stretching mode and 

symmetric stretching  of methylene groups and O-CH2 

stretching 

1700 Amide I: C=O stretching vibration 

1532 Amide II, NH in-plane deformation + C-N and C-C 

stretching) 

1464 CH2 scissoring and CH3 deformation 

1367 C-N stretching 

1248 Amide III: C-N stretching 

1100 C-O-C stretching vibration of ether group 

778 Amide IV 

 

 



Table 3. Poly(methyl methacrylate) vibrational bands (in cm-1) observed in FTIR spectra and their assignments 

Wavenumber (cm-1) Assignment 

3020-2850 C-H stretching of CH3 and CH2 groups 

1716 Ester carbonyl group stretching  

1450 C-H bending of CH3 bonds 

1210-1320 C-O-C stretching  

1145 C-O-C stretching 

1382 and 751 α-CH3 bending 

990 O-CH3 Out-of-plane deformation 

960-650 C-H Bending  

 
 
 
 
 
 
 
 
 
 



Table 4. Mechanical properties of pure PMMA/PU and PMMA/PU/CePO4 IPNs 
PMMA/PU  

Ratio 
of CePO4 addition 

(wt.%) 
Type of morphology  Young´s Modulus 

(MPa) 
Tensile strength 

(N) 
Deformation 

(%) 
  Nanorods Semi-spherical    

50/50 -- -- -- 7.22 ± 1.33 33.34 ± 3.47 238.54 ± 17.77 
50/50 0.1 X  2.37 ± 0.35 35.12 ± 5.16 856.16 ± 19.56 
50/50 0.5 X  4.76 ± 0.68 30.19 ± 4.79 743.14 ± 6.76 
50/50 1 X  5.15 ± 0.52 31.12 ± 4.49 658.34 ± 12.43 
50/50 0.1  X 3.78 ± 0.16 43.33 ± 1.44 323.80 ± 5.63 
50/50 0.5  X 3.91 ± 0.77 54.38 ± 8.56 409.48 ± 16.82 
50/50 1  X 3.62 ± 0.15 30.91 ± 5.75 654.21 ± 36.37 
60/40 -- --  4.24 ± 0.18 13.80 ± 3.05 142.64 ± 5.07 
60/40 0.1 X  2.88 ± 0.22 9.46 ± 1.86 172.80 ± 5.98 
60/40 0.5 X  2.45 ± 0.60 25.52 ± 8.35 315.16 ± 31.11 
60/40 0.1  X 0.87 ± 0.14 32.08 ± 5.98 975 ± 57.92 
60/40 0.5  X 1.30 ± 0.21 33.84 ± 6.69 760.94 ± 37.57 
60/40 1  X 0.76 ± 0.20 33.96 ± 7.65 864.06 ± 2.21 
70/30 -- --  9.25 ± 0.41 20.92 ± 0.88 67.95 ± 4.48 
70/30 0.1 X  5.64 ± 1.05 14.26 ± 2.30 --149.68 ± 27.72 
70/30 0.5 X  5.46 ± 0.70 23.89 ± 3.18 150.84 ± 6.67 
70/30 1 X  6.04 ± 0.71 19.28 ± 2.33 156.00 ± 10.49 
70/30 0.1  X 2.00 ± 0.19 3.26 ± 0.38 74.62 ± 20.51 
70/30 0.5  X 4.08 ± 2.06 16.32 ± 8.28 452.76 ± 174.64 
70/30 1  X 4.30 ± 0.21 17.19 ± 0.82 89.84 ± 4.79 
80/20 -- --  16.19 ± 1.99 29.90 ± 0.50 124.84 ± 3.23 
80/20 0.1 X  8.67 ± 1.57 27.80 ± 3.58 122.98 ± 20.47 
80/20 0.5 X  10.25 ± 1.53 24.66 ± 5.42 78.16 ± 7.09 
80/20 1 X  10.21 ± 1.57 35.47 ± 8.72 141.53 ± 33.05 
80/20 0.1  X 6.90 ± 0.64 39.25 ± 0.83 722.14 ± 48.43 
80/20 0.5  X 12.05 ± 1.67 22.79 ± 3.95 103.45 ± 9.10 
80/20 1  X 11.25 ± 0.54 22.64 ± 1.78 91.98 ± 11.03 

 



  



Table 5. Mechanical properties acquired from tensile test of pure PMMA/PU and PMMA/PU/CePO4 IPNs after 500 h under accelerated 
aging test (heat and humidity conditions) 

PMMA/PU ratio 

 

wt.% of CePO4 addition Type of morphology Young´s Modulus 

(MPa) 

Tensile strength 

(N) 

Elongation 

(%) Nanorods Semi-spherical 

50/50   6.36 ± 0.65 13.50 ± 3.67 70.52 ± 12.42 

50/50 0.1 X  5.776± 0.57 11.97 ± 1.83 56.67 ± 16.19 

50/50 0.5 X  2.86 ± 0.31 8.05 ± 0.31 82.46 ± 18.19 

50/50 0.1  X 3.81 ± 0.37 15.14 ± 2.11 156.93 ± 17.91 

50/50 0.5  X 3.89 ± 0.46 7.64 ± 1.52 75.82 ± 19.65 

80/20   10.68 ± 2.15 10.00 ± 1.51 37.42 ± 5.71 

80/20 0.1 X  8.75 ± 0.59 12.49 ± 2.21 44.94 ± 9.09 

80/20 0.5 X  8.24 ± 0.75 12.00 ± 3.91 37.93 ± 8.17 

80/20 0.1  X 1.12 ± 0.15 29.85 ± 2.85 689.09 ± 38.73 

80/20 1  X 14.57 ± 1.71 12.45 ± 2.52 29.33 ± 3.03 

 

 

 

 



Table 6. Mechanical properties acquired from nanoindentation test of selected PMMA/PU/CePO4 IPNs 

after 500 h under accelerated weathering test (UV light and humidity conditions) 

PMMA/PU 

ratio 

 

CePO4 Wt. % of addition Type of morphology HIT (Mpa) EIT (Gpa) 

Rods Semi-spherical 

50/50 0.1  X 0.0195±0.0441 0.0083±0.0010 

50/50ACW 0.1  X 0.0431±0.0431 0.0085±0.0039 

80/20 0.1 X  1.3699±0.2612 0.0081±0.0008 

80/20ACW 0.1 X  3.2363±0.4365 0.0347±0.0028 

80/20 0.1  X 2.5837±0.4614 0.0164±0.0021 

80/20ACW 0.1  X 2.7624±0.4873 0.0153±0.0014 

 

 

 


