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The increase in fatal road accidents, natural disasters, and even terrorist 
attacks around the world have contributed to the improvement of public 
security. Windows can be particularly hazardous because of cutting 
fragments expelled during breakage or an explosion, which may induce 
injury. It is becoming essential to develop a resistant daily security 
glazing for houses to prevent damage in earthquakes and tornado areas, 
for utility cars, etc. Nanocellulose was used, which has a low ecological 
footprint, to improve safety glazing properties and was based on poly 
(vinyl butyral) (PVB). Following the processing of many different recipes 
for layers based on both PVB and nanocellulose polymers, intercalary 
films were assembled with glass using hot pressing. The results of the 
three-point bending experiments were promising. Breaking loads were 
approximately 8000 N for the two nanocellulose samples, which were 
close to the results of the sample with PVB only. Furthermore, the 
obtained composites possessed a transparency near that of PVB only. 
Finally, nanocellulose overtop PVB had a surface mass as low as one 
eighth of that of the PVB. 
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INTRODUCTION 
 

Transparent safety glazing has a major role in various areas, such as the 

automobile industry, aerospace sector, building sector, and even in civil and military 

security. Currently, the increase in glass in buildings has led to new architectural 

requirements for the protection of the general public. In the near future, the demand for 

glass is expected to continue to increase, and protection requirements should integrate 

risks, such as natural disasters, uproar, and terrorist attacks (Xu et al. 2011; Zhang et al. 

2013; Shim et al. 2015a). Furthermore, this kind of glass is particularly of interest for the 

automotive industries, specifically for windshields. In fact, during a collision between a 

car and a pedestrian, it is vital to prevent the release of glass fragments, which are 

responsible for physical injuries (Chen et al. 2016; Alter et al. 2017; Chen et al. 2017; Yu 

et al. 2017). To obtain resistant glazing, one or several poly (vinyl butyral) (PVB) 

interlayers are usually used between two (or several) glass sheets. This material adheres 

well to glass, is transparent, and absorbs energy upon impact (Zhang et al. 2013; Chang 

et al. 2014). Its adherence is caused by the presence of hydroxyl groups on the polymer 

skeleton after a butyraldehyde reaction in an acidic medium (Chang et al. 2014). 

Furthermore, this type of glazing possesses the characteristic of keeping broken pieces of 

glass in place. However, there are some notable problems. They are expensive, heavy, 
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thick, and possibly result in a loss of vision quality and transparency. Furthermore, long-

term performance of adhesion between two annealed glasses is affected by an 

environmental phenomenon (stress corrosion) and by creep and relaxations phenomena. 

The last are due to external factors as UV-radiation, temperature, and humidity 

(Rodrigues et al. 2017). Indeed, Louter et al. (2010) showed the temperature greatly 

affected the structure of reinforced glass beams. One can then assume this problem will 

arise on safety glazing (Louter et al. 2010). Although it is known that long-term 

performance study of security glasses is of primary importance, this topic will be treated 

later. The raw material used for this type of polymer is petroleum, which is a polluting, 

non-degradable, and non-renewable material, and is likely to disappear in the coming 

years. 

The challenge is to improve or maintain the transparency, while decreasing the 

weight and thickness. Nanocellulose seems to be an interesting alternative and it is used 

as a reinforcing agent in many polymeric matrices (Henriksson and Berglund 2007; 

Ahola et al. 2008; Rubentheren et al. 2016). Additionally, cellulose is renewable, 

recyclable, made from natural resources (Bertolla et al. 2014; Chang et al. 2014), and is 

the most abundant resource on Earth (Keijsers et al. 2013). This polymer is an advantage 

in the U.S. Green Building Council LEED® certification in Canada and the United States 

and in the Passive House Institute (PHI) standard in Europe. These certifications ensure 

that a contractor has done as much as possible to limit the ecological footprint of a 

building (PHI 2015; Canada Green Building Council 2018; U.S. Green Building Council 

2018).  

Nanocellulose is a long linear chain composed of many units of cellobiose, which 

contains two polysaccharide units (glucose) (Fig. 1). The selected wood species 

influences the degree of polymerization of the cellulose (Klemme et al. 2005; Ni et al. 

2015). Cellulose possesses several properties and has a wealth of carboxylate groups on 

the surface of nanofibers, which makes it a promising material for addition in polymeric 

matrices (Venkatanarayanan and Stanley 2012; Li et al. 2014). Another interesting 

property for a security-glazing project is the optical characteristics of the nanocellulose 

because it is transparent, at least when used in the millimeter range normally used for 

glazing. In the literature, various applications have been developed because of this 

property, such as an organic light-emitting diode (Okahisa et al. 2009) and flexible 

optoelectronics sensors (Zhang et al. 2015b). 
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Fig. 1. Structure of the cellulose chain 

 

Nanocellulose can be produced by selective oxidation with a TEMPO catalyzer 

under light ultrasound conditions (Rattaz et al. 2011; Mishra et al. 2012; Paquin et al. 

2013). Currently, as this fabrication is well known, new applications are needed to fully 

exploit this material produced for security glazing. Nanocellulose manufactured by this 

process is of interest for this project because the fibers are longer (200 nm to several 

micrometers) than those of the popular cellulose nanocrystals, and surface modification is 

easier for retaining the amorphous region (Saito and Isogai 2006; Saito et al. 2007). 

Additionally, the presence of carboxylate groups on the surface of nanofibers allows 

TEMPO-oxidized cellulose gel (TOCgel) to be a good reinforcing agent in polymeric 

matrices (Venkatanarayanan and Stanley 2012; Li et al. 2014; Zhang et al. 2015a). 

In the literature, several studies have shown that the relative density, laminate 

design, and stress fracture influence the ballistic resistance of a material (Nasirzadeh and 

Sabet 2014; Shim et al. 2015b). The glass and polymer densities are important factors 

that influence the protection performance (Shim et al. 2015b). In this study, part of the 

poly (vinyl butyral-co-vinyl, alcohol-co-vinyl acetate) (co-PVB) was replaced with either 

a cellulose composite or a cellulose and poly (vinyl alcohol) (PVOH) composite.  

First, the Young’s modulus of the interlayers was assessed (strain and elongation). 

Then, the load at break during the three-point bending tests was evaluated on laminated 

glass sheets with each type of interlayer. 

 

 
EXPERIMENTAL 
 

Materials 
A co-PVB powder with an average molecular weight of 70,000 Mw to 100,000 Mw 

was purchased from Sigma Aldrich (St. Louis, MO, USA). The chemical composition of 

the co-PVB was 80 wt% vinyl butyral, 18 wt% to 20 wt% hydroxyl, and 0 wt% to 1.5 

wt% acetate. A PVOH powder with an average molecular weight of 146,000 Mw to 

186,000 Mw was also purchased from Sigma Aldrich and used without further 

purification. Pure ethanol was used for the co-PVB solution, while aqueous solutions 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Maury et al. (2019). “Nanocellulose for safety glass,” BioResources 14(2), 4157-4170.  4160 

were prepared with deionized water (Ω < 0.8 µS). Conventional 10-cm x 10-cm clear 

annealed glass sheets with a thickness 6 mm were purchased from a local supplier 

(Vitrerie Lambert et fils, Trois-Rivières, Québec, Canada). 

A commercial never-dried bleached Kraft hardwood pulp was used as the 

cellulose source for the production of the TOCgel and nanocellulose through TEMPO 

oxidation and mechanical dispersion. All of the oxidation chemicals (TEMPO, sodium 

bromide, and sodium hypochlorite) were also purchased from Sigma Aldrich and used as 

received. 

 

Methods 
TOCgel preparation 

First, 9.2 g of acetaminoTEMPO, 3.1 mmol/g of NaOCl, and 25 g of NaBr were 

mixed with a fibrous suspension of 1% kraft pulp, which corresponded to 400 g of dry 

pulp in 40 L of deionized water. The pH of the reaction was set at 10.5 and the 

temperature in the reactor was maintained at 25 °C. The acoustic frequency used in the 

pilot sonoreactor (Ultrasonic Power Corporation, Freeport, USA) was 170 kHz, and the 

power was 125 W. With these conditions (Rattaz et al. 2011; Mishra et al. 2012; Paquin 

et al. 2013), the nanofibers produced from the kraft pulp had a measured carboxyl content 

of 1700 mmol/kg. A mix of long microfibers (30%) and short nanofibers (70%) resulted 

in the TOCgel having an average width and length of approximately 3.5 mm ± 1.0 mm 

and 306 nm ± 112 nm, respectively. 

Then, the TOCgel was manufactured by simple shearing with a MK 2000/4 

refiner (defibrillation system) from IKA Works, Inc. (Wilmington, NC, USA). A 3% gel 

was obtained with an oxidized pulp of 1700 mmol/kg. The defibrillated oxidized pulp 

was placed in a plexiglass tank, which was connected to a pump, the IKA defibrillator, 

and a bubble cooler, for defibrillation. This process lasted 1 h (Loranger et al. 2012).  

 
Nanocellulose preparation 

The TOCgel produced was diluted by 50%, from a concentration of 2.5% to 

1.25% (w/w), and then it was defibrillated a second time with the IKA defibrillator for 1 

h. The obtained solution (50 mL) was centrifuged with a Thermo Scientific Sorvall ST16 

(Waltham, MA, USA) centrifuge at 13000 rpm for 15 min. The supernatant, including 

pure nanocellulose, was retrieved and used as is. 

 

Sheet layers preparation 

For each interlayer, the same fabrication method was used. A prepared solution 

was poured into an aluminum cup (18 cm in diameter) and dried at ambient air 

temperature (23 °C). For the 2% co-PVB interlayers (PVB2), 2 g of co-PVB powder was 

dispersed in 100 mL of ethanol. For the nanocellulose interlayers, 300 mL of the 1.25% 

nanocellulose aqueous solution was poured into the cup. During the first tests, the pure 

nanocellulose films obtained were very brittle. It was then necessary to increase the 

cohesion of the fibers by the addition of another polymer, which allowed for a uniform 

film to be obtained. The authors chose to include PVOH, which is a water-soluble 

polymer that is easily miscible with nanocellulose. The solutions nanoPVOH100 and 

nanoPVOH50 were made with 300 mL of the 1.25% nanocellulose solution added to 100 

mL of the 2% PVOH solution and 300 mL of the 1.25% nanocellulose solution added to 

50 mL of the 2% PVOH solution, respectively. Finally, the last interlayers were made by 

means of 150 mL of the 2.5% TOCgel dispersed in 150 mL of deionized water (TOCgel). 
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Another interlayer was made with the further addition of 50 mL of the 2% PVOH 

solution (TOCgelPVOH) (Table 1 and Fig. 2a). 

 

Table 1. Composition of Each Interlayer Based on the Cellulose and their 

Resulting Thickness and Geometry 

Sample 

Composition Before Drying 
Thickness 

After Drying 
(μm) 

Geometry 
After Drying 

1.25% 
Nanocellulose 
Solution (mL) 

2.5% TOCgel 
Solution (mL) 

2% PVOH 
Solution 

(mL) 

Nanocellulose 300 --- --- 10 ± 0.51  Fibers 

NanoPVOH100 300 --- 100 60 ± 1.07 
Fibers + 

thermoplastic 

NanoPVOH50 300 --- 50 40 ± 0.47 
Fibers + 

thermoplastic 

TOCgel --- 150 --- 30 ± 0.75 Fibers 

TOCgelPVOH --- 150 50 70 ± 1.06 
Fibers + 

thermoplastic 

 

 
 
Fig. 2. Representative drawing of the (a) composite manufacturing method and (b) laminated 
glass manufacturing method 
 

Glass and layer lamination 

To produce the laminated glazing, another interlayer based on cellulose or PVB 

was included between two layers of 3% co-PVB to enable the addition of nanocellulose 

and PVOH to the glazing. This addition of co-PVB was necessary because the new 

interlayers based on cellulose and PVOH do not adhere to glass panes. In fact, adherence 

to the panes is one of the main advantages of PVB. Furthermore, two PVB interlayers 

and a new PVB interlayer were used to reach the lower thickness limit of existing PVB 
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interlayers (between 0.38 mm and 1.54 mm). The layers were then placed between two 

layers of glass (6 mm in thickness) and fused together by hot pressing. The assembly was 

hot-pressed for 30 min at 2 bar and a temperature of 110 °C (Fig. 2b). 

 

Characterization 
Thermogravimetric analysis of the layers 

The thermogravimetric analysis enabled sample mass variations to be measured 

with respect to the applied temperature program. From this, the thermal degradation 

characteristics of the composites and control samples could be studied. The sample 

(approximately 5 mg) to be analyzed was placed in a cup on a precision scale. The same 

cup was then placed in an oven, which exposed the sample to a temperature program and 

continuously measured the change in the weight. The analyses were done using a 

Diamond Pyris TGA/DTA apparatus from Perkin-Elmer (Waltham, MA, USA). For 

the temperature program, the sample was first subjected to a temperature of 50 °C for 15 

min to minimize the water content. Then, the sample was submitted to temperatures 

ranging from 50 °C to 575 °C with a heating rate of 5 °C/min under an inert atmosphere 

(nitrogen). Finally, the sample was heated from 575 °C to 750 °C at a rate of 10 °C/min 

in air to determine the total deterioration. 

 

Tensile test of the layers 

A tensile apparatus (Instron 4201, Instron, Norwood, MA, USA) was used to 

measure the notched tensile strength of the pure TOCgel, pure co-PVB, and each sample. 

Stress/strain curves were used to determine the elongation at break and Young’s modulus 

of all of the composites. A film 16 mm in length and 8 mm in width with a thickness 

between 0.05 mm and 0.30 mm was produced for each sample. A 0.5-cm linear notch on 

each side at 8 mm along the length was made to guarantee a proper break at the mid-

length of each sample. This test method used a head speed displacement rate of 

10 mm/min and a load cell of 500 N. The reported results were the average of the 

measurements taken of 15 samples. 

 

Three-point bending test of the glazing 

Three-point bending tests of the glazing of the pure TOCgel, pure co-PVB, and 

each composite layer were conducted on an Instron 4201 apparatus at room 

temperature. The load at break and Young’s modulus of each sample were determined 

with the stress/strain curves. Each sample was 10 cm in length and width and 12 mm in 

thickness. This method used a rate of 2 mm/min and a force cell of 5 kN. For each 

composite, three measurements were taken and the average was reported. Some samples 

did not break before the 5-kN apparatus limit was reached. It was then necessary to use 

the Instron LM-U150 apparatus (Instron) equipped with a 25-kN load cell. Except for 

changing to a device with a larger force cell, the same method described previously was 

used. 

 

Light transmission of the composites interlayers and glazing 

A Tint Meter Inspector Model 200 (Laser Labs, Inc., Scituate, MA, USA) was 

used to study the light transmission. The Canadian police force uses this apparatus to 

enforce various laws concerning the maximum vehicle window tint. A minimum of 70% 

of light must pass through vehicle windows under Quebec regulations (Société de 
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l’Assurance Automobile du Québec 2018; Vitro Plus 2018). In this study, the 70% 

minimum was used as a comparison base to determine whether the samples were usable. 

A receiver and transmitter, aligned using a powerful magnet, were placed at the base of 

the apparatus. Calibration was done automatically and double-checked with the help of 

standards that transmit 28% and 78% of light. The reading of the measurements was 

simple and instantaneous after placing the sample between the receiver and transmitter. 

Ambient light does not affect this device (Laser Labs Inc., 2018). For each sample, five 

different spots were measured and the average value was reported. 

 
 
RESULTS AND DISCUSSION 
 

Thermogravimetric Analysis 
From the thermogravimetric analysis, two characteristics were observed: the 

presence of polymer in the composite materials and the degradation temperature. Table 2 

and Fig. 3a show that the nanocellulose and TOCgel had similar degradation 

temperatures (approximately 260 °C); these results are consistent because their basic 

polymer composition is the same (cellulose). The two thermoplastics used in the project, 

co-PVB and PVOH, had degradation temperatures of 368.7 °C and 431.8 °C, 

respectively. Regarding the three composites containing cellulose and PVOH, which are 

shown in Fig. 3b, two degradation temperatures were obtained for each, at approximately 

260 °C and 430 °C, respectively. These results confirmed that the manufactured films 

contain a mixture of the two polymers cellulose and PVOH. Also, it was observed that 

the PVOH had a degradation temperature above that of the co-PVB. The addition of 

PVOH to the films was an advantage in terms of the thermal properties. Finally, the mass 

loss of the nanoPVOH100 composite was lower than that of the TOCgelPVOH and 

nanoPVOH50 composites. After comparing the two similar composites (nanoPVOH50 and 

nanoPVOH100), it was observed that when there was more PVOH, the nanocellulose was 

less degraded at the same temperature. These results indicated the thermal efficiency of 

the PVOH (Fig. 3). 

 

Table 2. Experimental Data of the Degradation Temperature for the Control 

Samples and Composites 

Sample Nanocell. TOCgel 
Co-
PVB 

PVOH 
TOCgel
PVOH 

Nano 
PVOH

100 

Nano 
PVOH

50 

Degradation 
Temperature (°C) 

258.4 266.7 368.7 431.8 
264.8 
428.1 

262.5 
431.9 

262.8 
439.7 
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Fig. 3. Thermogravimetric analysis of (a) source materials and (b) composites  

 
 
Tensile Testing of the Layered Composites 

The tensile test results are presented in Figs. 4 and 5. The nanocellulose, TOCgel, 

and co-PVB control samples had a Young’s modulus of 13 GPa ± 1.9 GPa, 4.4 GPa ± 0.4 

GPa, and 1.3 GPa ± 0.1 GPa, respectively. These results indicated that the nanocellulose 

was the material with the most rigidity, whereas the co-PVB was the least rigid. Figure 5 

shows the stress/strain curves, which confirmed that the elastic behavior of the co-PVB 

(light blue curve) had a typical curve related to this phenomenon, whereas the 

nanocellulose had a very rigid behavior with a straight line (green curve). Furthermore, 

the co-PVB was the most flexible with an elongation at break of 4.73% ± 2.37%. For the 

composite interlayers, the Young’s moduli were similar for the three samples 

(TOCgelPVOH, NanoPVOH100, and NanoPVOH50) and the elongation at break was more 

important for the nanoPVOH100 (3.06% ± 0.94%) than for the TOCgelPVOH and 

nanoPVOH50 composites (approximately 2%). This phenomenon could have been 

explained by the presence of PVOH, which is a thermoplastic. Compared with the co-

PVB, the currently used interlayer for safety glass composites has a Young’s modulus 

that is at best approximately 4.5 times higher than that of the co-PVB, but it has half the 

elongation at break on average. The increase in the Young’s modulus of the composites 

relative to that of the co-PVB was caused by the presence of a rigid cellulose matrix. The 

PVOH can solder the fibers between it because of its thermoplastic properties and play 

the role of a glue, which also explained the increase in the Young’s modulus compared 

with that of the pure TOCgel. These results are consistent with that in the literature, 

where co-PVB has a Young’s modulus of 1.93 GPa and tensile strength of 26 MPa (Shim 

et al. 2015a). 
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Fig. 4. Experimental data from the tensile tests on the control samples and composite films 
 

 
 
Fig. 5. Strain/stress curves of the control samples and composite films 
 

Three-point Bending Testing of the Laminated Glazing  
The load at break for the control samples and composites are shown in Figs. 6 and 

7. Each sample had a Young’s modulus of approximately 4 MPa, and so no specific 

comparison could be made. However, it should be noted in this part, as soon as we speak 

of samples, the latter correspond each time to full glazing (glasses + interlayers). In 

contrast, the loads at break of the co-PVB, nanoPVOH50, and nanocellulose were 

approximately 8000 N, 7800 N, and 8000 N, respectively, which were better than that of 

glass alone (1800 N). These results showed a real improvement in the applied force 

required for breaking glass that had only interlayers made with the pure nanocellulose 

and nanoPVOH50 composite. These results are particularly interesting because the co-

PVB, nanoPVOH50, and nanocellulose mass per unit area were 0.086 kg/m2, 0.048 kg/m2, 

and 0.012 kg/m2, respectively. The loads at break of the nanocellulose and nanoPVOH50 

might have been only slightly improved over that of the co-PVB, but their mass per unit 

areas were one-eighth and one-half that of the co-PVB, respectively. 
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Fig. 6. Experimental data from the three-point bending tests on the control samples and 
composite glazing 

 
 
Fig. 7. Experimental data from the three-point bending tests on the control samples and 
composite films 

 
Light Transmission of the Laminated Glazing 

The light transmission results of the laminated and interlayer composites are 

shown in Table 3. In terms of the light transmission of the composites without glass, the 

co-PVB film had a transmission of 93%, which was similar to that of the nanocellulose, 

nanoPVOH100 composite, and nanoPVOH50 composite. The TOCgel had a transmission 

of only 82% and the TOCgelPVOH composite had a transmission of 87%. This 

phenomenon was explained by the presence of long fibers in the TOCgel, which can 

diffract light. However, these fibers were removed by centrifugation in the nanocellulose 

solutions, which improved the light transmission. These results were interesting because 

the co-PVB and many composites had the same light transmission. For the glazing, the 
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laminated glass with co-PVB had a light transmission of 80% with an interlayer that was 

80 µm in thickness, which was because of the experimental synthesis conditions. Except 

for the TOCgel (68%) and TOCgelPVOH (67%), all of the samples had light 

transmissions similar to that of the co-PVB and were between 75% and 80%, but they 

had a reduced interlayer thickness. (Shim et al. 2015b) found that the light transmission 

of laminated glass was approximately 80%, so it was inferred that it is possible to use the 

laminated glass as transparent bulletproof materials. Furthermore, the optical properties 

should be considered during the designing of bulletproof materials (Shim et al. 2015b). 

 

Table 3. Light Transmission and Thickness of the Control Samples and 

Composites with and without Glass 

Sample/Intercalary 
Material Light 

Transmission (%) 

Laminated Glass 
Light Transmission 

(%) 

Film Thickness 

(m) 

Nanocellulose 93 79 10 ± 0.51 

TOCgel 82 68 30 ± 0.75 

Co-PVB 93 80 80 ± 0.30 

TOCgelPVOH 87 67 70 ± 1.06 

NanoPVOH100 93 76 60 ± 1.07 

NanoPVOH50 93 78 40 ± 0.47  

 

 
CONCLUSIONS 
 

1. The Young’s modulus was four times higher and the elongation at the break was 

approximately half that of the co-PVB for the three composites TOCgelPVOH, 

nanoPVOH100, and nanoPVOH50. The cellulose acted as a good reinforcement for the 

co-PVB and only a small loss of elasticity was observed. 

2. The nanocellulose and nanoPVOH50 interlayers performed notably well when they 

were applied in a glazing and had loads at break larger than for the co-PVB 

(approximately 8000 N) and laminated sheets with a lower mass per unit area.  

3. A good light transmission was observed for the composites with nanocellulose, close 

to 80%, which is above the legal limit for motor vehicles. 

4. The addition of PVOH resulted in a decrease in the load at break, but improved the 

thermal degradation by 60 °C. 

5. The laminated glass produced in this study can have many applications in various 

fields, such as the building, civil and military, automobile, and aerospace sectors. 
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