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Abstract 

 

 

 

In the restoration field the synthetic resins are commonly used and they are 

selected in order to replace natural products and possibly overcome their 

drawbacks. Nevertheless, these resins are not completely able to cover the 

specific mechanical properties required in each restoration work. The main 

aim of this research is the development of innovative micro/nanocomposite 

materials with enhanced features for artwork conservation operations. The 

introduction of appropriate amounts of micro- and nanofillers within 

commercially available art preserving polymers may allow the improvement 

of their mechanical deficiencies, without impairing their physical and 

chemical properties. 

Cellulose microcrystals (CMC) and nanocrystals (CNC) were selected as 

natural reinforcing fillers for a commercial acrylic copolymer (Paraloid B72) 

widely applied as a consolidant of wooden objects  and two molecular 

weights of a thermoplastic water soluble adhesive used in the restoration of 

oil paintings (Aquazol 200 and 500). In particular, melt-compounded 

Paraloid and Aquazol based microcomposites with various amounts (5÷30 

wt%) of CMC and thin films of Aquazol 500 micro- and nanocomposites 

produced by the solution mixing method with a CMC and CNC content of 5-

10-30 wt% were investigated. Several characterization techniques were used 

in order to assess the effect of micro- and nanocellulose on the physical and 

thermo-mechanical behavior of these three thermoplastic polymers. 

In the first part of the work, the characterization of melt-compounded and 

compression molded microcomposites under dry and conditioned state (T= 

23°C, RH= 55%) was performed. All dried and wet formulations showed a 

similar stabilizing effect of CMC flakes with an increase of elastic modulus 

and a decrease of thermal expansion coefficient and creep compliance, 
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regardless of the moisture content. Interestingly, conditioned composites 

exhibited the enhancement of the tensile properties at break, in contrast to 

dried microcomposites that reported a drop in these properties. On the other 

hand, the highest amount of CMC led to a chromatic change of the three 

matrices towards yellow-brown tones. 

In the second part of the work, the characterization of solution mixed micro- 

and nanocomposites based on Aquazol 500 highlighted the systematic 

increment of the dimensional stability of the neat resin due to the presence of 

both CMC and CNC particles. Remarkably, CNC proved to be more 

effective than CMC in increasing of the stiffness and the elongation at break 

of Aquazol as the filler loading increased, without impairing the good 

optical properties of this material. 

In the third part of the work, the application of melt-compounded 

Paraloid/CMC composites as consolidants for damaged wood was 

investigated. CMC introduction did not change the good viscosity of the neat 

matrix and especially its good water repellency. Wood samples treated with 

microfilled Paraloid exhibited an increment of the stiffness and the flexure 

strength under quasi-static and impact conditions and, additionally, a 

systematic enhancement of the radial and tangential surface hardness almost 

up to the intact wood values was observed. 

In the last part of this thesis, the practical application of CMC and CNC 

Aquazol based adhesive films made by melt-compounding and solution 

mixing was investigated for the lining of oil paintings. Single-lap shear tests 

confirmed the stabilization action of both CMC and CNC particles on all 

experimental formulations with a progressive reduction of the compliance 

proportionally to the filler loading. Even in this case the increment of the 

Aquazol dimensional stability was mainly imparted by the presence of CNC. 

Only for solution mixed CMC composites a dramatic drop in the adhesive 

strength as the filler content increased was detected. 
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Synthetic resins have been introduced in the artwork restoration field since 

the early nineteenth century in order to replace natural products which 

presented several problems of ageing resistance, especially against 

biological degradative attacks [1]. At the beginning conservators were 

reluctant to change over new products coming from the chemical industry, 

but now these materials are applied in every area of art conservation [2]. In 

restoration these polymers can be utilized as protective materials, in order to 

create a surface coating with barrier properties, especially able to limit the 

water uptake, as consolidants to recover the mechanical properties of 

damaged objects and as adhesives [3]. There are some kinds of polymers, 

such as some thermoplastic resins that, thanks to their good handling 

properties, in particular, their flexibility and transparency [2, 4], are 

indiscriminately applied in all restoration operations without considering 

that each of these operations require specific mechanical performance to the 

polymer to be applied. Despite this, the approach of conservators has always 
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been to choose resins based solely on their optical features and chemical 

resistance and rarely on their mechanical properties. For the most of these 

materials, in the literature, there is a lack of scientific studies on their 

mechanical properties, while, their physical and chemical behavior after 

natural and artificial ageing is well known. Additionally, all polymers used 

for art restoration come from the industrial field, therefore they are not 

specifically designed for conservation purposes and not completely able to 

cover the required mechanical performance of a specific restoration work.  

Starting from these considerations, the present research investigates the 

possibilities offered by cellulose-based micro- and nanocomposites to 

improve the properties of polymers for artwork restoration. The introduction 

of appropriate amounts of micro- and nanofillers within commercial 

polymers for art protection may allow an improvement of their mechanical 

weak points, minimizing the increase in cost, without impairing their good 

physical and chemical properties.  

Natural fillers present several advantages in comparison to the 

corresponding synthetic agents. They are non-toxic, biodegradable and 

recyclable. Natural plant derived particles have generally lower density and 

high specific strength and elevated stiffness [5, 6].  

The aim of this research is the investigation of the possible effect of the 

addition of different amounts of cellulose micro- and nanocrystals (CMC, 

CNC) on the physical and thermo-mechanical properties of two commercial 

resins, widely used for the conservation of cultural heritages. In particular, 

the attention was focused on Paraloid B72® and two different molecular 

weights of Aquazol®, in the dry state and under recommended hydrothermal 

conditions for artworks conservation (T= 23°C, RH= 55%). 

Different types of composites were considered: 
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• Microcomposites at different filler contents (from 5 wt% to 30 

wt%) of cellulose microcrystals, CMC, made by melt-

compounding and compression molding (see section 3.2). This 

microfiller presents a specific gravity of 1.56 g·cm-3 and an 

average aspect ratio of 2.4. 

 

• Nanocomposites filled with 5÷30 wt% of cellulose nanocrystals, 

CNC, produced through solution mixing and casting process (see 

section 3.2). CNCs are rod-like particles  with an average aspect 

ratio of 50. 

 

• Microcomposites with the same amounts of CMC prepared 

through solution mixing and casting in order to perform a 

comparison between micro- and nanocomposites. 

 

Optical and electron microscopy techniques were employed to evaluate the 

fillers dispersion into the matrices, while calorimetric analysis were 

conducted to evaluate the effect of the various fillers on the thermal stability 

and the glass transition temperature of the neat matrices. The possible 

change in the optical features of polymers due to the presence of micro- and 

nanocrystals was investigated by CIELAB color measurements, optical and 

UV-vis spectroscopy analysis. Viscoelastic properties were determined 

through quasi-static tensile tests, for the evaluation of the elastic modulus, 

and dynamic mechanical tensile tests under tensile and creep conditions. The 

fracture behavior was estimated through quasi-static tensile tests, in order to 

assess the effect of fillers on the tensile properties at break. A more detailed 

analysis on the fracture behavior of microcomposites was conducted by 
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determination of the fracture toughness under plane-strain conditions. 

Additionally, the investigation of the synergistic action of the water sorption 

and the fillers presence on the mechanical behavior of polymeric matrices 

was carried out.  

In the present work a particular attention was dedicated to the application of 

the investigated materials as consolidants for degraded wood and as 

adhesives for the lining of oil paintings on canvas. For these conservation 

operations the increase  of strength and elastic modulus and dimensional 

stability and elongation resistance of the polymer are respectively desirable.  

For the evaluation of the possible increase of the consolidating properties of 

Paraloid B72 filled with microcellulose a physical and mechanical 

characterization was performed. Wood samples were treated with the 

investigated materials in acetone solution. Through gravimetric analysis and 

mercury intrusion porosimetry tests it was possible to assess the change in 

the water uptake tendency and the pore size of consolidated materials. 

Concurrently,  Fourier transform infrared spectroscopy analysis and optical 

microscope observations allowed the determination of the penetration degree 

of consolidant solutions within wood samples. Three points bending tests, 

Charpy impact tests and ShoreD hardness tests were performed in order to 

investigate the action of the filler on the strength, the elastic modulus and the 

surface hardness of wood. Microstructural analysis of impact fractured 

cross-sections of wood samples with and without consolidants were carried 

out.  

The assessment of the possible improvement of the creep resistance and the 

adhesive strength of micro- and nanocomposites based on Aquazol applied 

as adhesives of canvas were performed by single-lap shear tests under quasi-

static and creep conditions. Microstructural analysis of the fracture surface 

of all adhesive joints were carried out. 
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2.1 Use of synthetic polymers in the art restoration 

The attention for the conservation of buildings, sculptures, painted works 

and all artworks evidence of human history and culture, is known from the 

Middle Age. There are very famous restoration operations performed in the  

sixteenth and in the seventeenth centuries, such as the restoration of the 

Sistine Chapel frescoes (1565), made 53 years after the ceilings painting by 

Michelangelo Buonarroti, and the conservation projects of Raphael’s 

frescoes in Rome (1659 and 1702) [7, 8]. The first conservators were artists 

working especially to preserve the private collections from fire, insects, 

mold, water infiltration, excessive humidity and dust. They used the same 

materials already utilized in the production of artworks. The profession of 

restorer became official and legitimate in the eighteenth century with the 

diffusion in Europe of museums, galleries and libraries [9]. The first 

products utilized in conservation were natural, in particular, starch pastes, 

plant gums and resins, protein binders of glue and albumin, beeswax,  

polysaccharides and fats [3]. With the development of trade and technology 

a wide range of drying oils and resins became available. These materials and 
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the most recent colophony, mastic, sandarac, dammar and paraffin wax were 

the only materials suitable for repairing of cultural heritage until the late of 

the nineteenth century [10, 11]. In the early of 1920s the first synthetic 

resins, cellulose nitrate and other cellulose derivatives, were introduced in 

the conservation field. Then, in the 1930s, the first acrylic polymer, PVA 

was used as paintings varnish.    

Nowadays, in the restoration field, the synthetic resins are widely used and 

they are selected ever more often in place of natural products.  Among the 

various synthetic film-forming polymers, vinyl acetate derived polymers 

with the most diffused polyvinyl alcohol, acrylic resins and, in particular, 

acrylate and methacrylate polymers, polyurethanes, polyamides, silicones 

and epoxy resins are the most selected by conservators [3].  Conservators 

can apply these products as protective films, as consolidant materials and as 

adhesives. 

 

2.1.1 Protective materials 

A protective polymer can be defined as a surface film on the top of artworks 

acting as a barrier against water infiltrations and air pollutions. This film is 

applied on the surface of intact objects to prevent decay or on consolidated 

materials with a final thickness from few µm to some hundreds µm. It is a 

sacrifice coating and for this reason, over time it will be damaged and it 

should be replaced periodically [3]. Polymeric coatings can be applied as 

solutions and suspensions or as curable monomers and oligomers. In the first 

case, the formation of the hydrophobic film occurs after the evaporation of 

the solvent for the coalescence phenomenon [12] (Figure II-1). While for 

thermosetting polymers the film will be created after the in situ crosslink 

reaction. 
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Figure II- 1. Formation of a protective coating with evaporation of solvent. 

 

The coverage of substrates has to be complete and uniform, because any 

discontinuity or defect in the protective film is a preferential way for water 

and contaminants to penetrate inside and develop degradation processes. A 

high wettability and a low viscosity are desirable. The main aim of a 

protective layer is the water repellency action, but, at the same time, the 

surface coating has to allow the vapor permeability and the breathing of 

treated objects [13, 14]. A high transparency of the coating and a good 

match of its refractive index with the substrate are necessary for this kind of 

application in order not to impair the correct reading of artworks. A 

protective material needs a good chemical stability to acids, alkalines, 

pollution agents and all elements and compounds which could promote 

decay reactions. Coatings can be utilized as vehicles of corrosion inhibitors 
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and ultraviolet absorbers.  Another important feature required to protective 

treatments is the reversibility, the possibility to remove the old coating and 

replace it with a new one. There are some cases where the removal of a 

polymer is practicable, e.g. coatings on compact substrates (metals), but in 

the cases of porous surfaces or where the cross-linking or the oxidation  of 

polymeric chains make insoluble the coating, the reversibility is impossible 

[3]. For this reason, conservators prefer to apply thermoplastic resins instead 

of thermosetting polymers as protective films, and the lowest feasible 

molecular weight should be used. 

 

2.1.2 Consolidant materials 

A consolidant is a material that applied by impregnation in the inner of 

damaged objects has to recover their mechanical and cohesion properties. 

The consolidation being an irreversible treatment is carried out only when 

the conservation state of artworks is critical, with significant microstructural 

damages. Moreover, since the removal of consolidants is impracticable, a 

high stability and durability of these materials is really important. It would 

be desirable that old consolidation treatments let to treat again objects even 

with different products. Consolidant products are applied in solutions or 

suspensions, in the molten state due to the use of elevated temperatures or as 

monomers/oligomers for a resulting in situ polymerization. A low viscosity 

is needed for the polymer to reach the deep of the object and fill cavities, 

defects and cracks. A uniform distribution of the consolidant solution is 

desirable to reduce interface stresses and guarantee a good consolidating 

action of the product.  
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2.1.3 Adhesives 

This kind of materials promotes the adhesion between broken apart surfaces 

filling the microcavities of substrates. Protective and consolidant materials 

can be consider more in general adhesives. Some adhesives can act  as 

consolidants but it is recommended to use separate processes for 

consolidation and adhesion [3]. Actually, an adhesion operation is performed 

on the surface of the object, while a consolidation treatment acts in the inner 

of the artwork (Figure II-2).  

 

 

Figure II- 2.  (a) Consolidation of microstructure of artwork, (b) adhesion of broken apart 
surfaces of artwork substrate [15]. 

 

In restoration operations, conservators can choose among natural glues and 

synthetic polymers. The natural adhesives can have a vegetable or animal 
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origin such as starch pastes and the rabbitskin glue. It is possible also to 

distinguish adhesives through their mechanism of adhesion. Thermoplastic 

resins and some natural polymers, such as beeswax and colophony, are 

applied at elevated temperatures in the molten state and they solify upon 

coolling. Other natural and synthetic polymers, become solid joints after the 

evaporation of a solvent. The properties of adhesives in the molten state are 

different from the properties of the solid adhesive joint. Good wettability, in 

order to uniformly cover the substrate, optimal viscosity for the specific 

surface to treat, not to penetrate in the deep of the object, a not so long time 

for the creation of the joint and high durability are the properties required to 

a liquid adhesive during application. When the joint is made, the solid 

adhesive system needs a good adhesive strength, in order to keep  together 

two different surfaces,  enough flexibility and elasticity to preserve the 

peculiar matter features of the artwork and it has to guarantee its 

reversibility and the possibility to be removed [16, 17]. The adhesive 

thickness is another important thing to consider. A thin adhesive film would 

be utilized in order to avoid  any dimensional change (expansion and 

contraction) due to the environmental conditions.   

 

2.2 Consolidation of degraded wood 

2.2.1 State of art 

One of the most used constituent material for art objects is wood. The 

historical wooden heritage is huge and varied. This material is very sensitive 

to decay and several kind of degradative processes can attack it [18]. The 

physical degradation involves especially outdoor exposed wood and can 

occur when wood is undergone to continuous sun-rain cycles and it swells 
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and shrinks for the cyclical sorption and evaporation of water, with the 

formation of irreversible deformations. Another cause of damage for wood is 

the temperatures fluctuation between day and night when big thermal 

excursions are involved. The water present into wood pore passes from solid 

to liquid state, increasing and decreasing its volume and the pressure on the 

pore walls. This can promote microstructural fractures and the increase of 

the open porosity of the object. Even the sun can play a role in the physical 

degradation of wood with the solubilization of lignin that depositing on the 

surface gives  a typical grey color to wood. However, fluctuations of  indoor 

microclimate conditions can produce similar effects on the structure of 

wooden artworks with microcracks and deformations. There is also a 

mechanical decay of wood due to vibrations, hits, erosion and abrasion 

phenomena.  Biological degradation is very common for the most types of 

wood and their restoration is generally a critical issue. Certain wood species 

because of their microstructure and porosity type are less resistance than 

others to biological attacks. Moreover, the degradation operated by living 

organisms is not always the same. Xylophagous agents can generate 

chemical, physical and/or mechanical decay in wood and one of the main 

effect of these degradative actions is the reduction of its mechanical strength 

[19-22]. When the conservation state of wooden artworks is critical, 

conservators prefer to consolidate objects through the application of 

synthetic resins by brush, spray, injection or direct immersion in order to 

allow the capillarity impregnation of the consolidating solution. Low 

pressure and vacuum impregnation chambers can be suitable to consolidate 

small historical objects as well. Thanks to their physical and mechanical 

properties and especially their good reversibility, thermoplastic polymers are 

preferred over thermosetting resins [23-25].  
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2.2.2 Paraloid B72 

Paraloid B72®, a methyl-acrylate/ethylene methyl-acrylate (MA/EMA) 

copolymer, is one of the most used thermoplastic resin in restoration [26]. 

This MA/EMA copolymer, thanks to its capacity of forming soft high-

transparency coherent films has always been used for metal aerosols, wood 

coatings, clear coatings for general product finishing and flexographic 

printing inks and then oriented to artwork restoration. Paraloid B72 is well 

known as “the general-purposes resin” in the restoration field because, 

especially in the past, it was utilized as a protective layer for metals and 

other compact surfaces; as a consolidant by impregnation of porous 

materials, such as wooden objects, plasterwork and tuff and as an adhesive 

for glasses and ceramics [27, 28]. Moreover, this product could be applied in 

solution for the restoration of oil paintings, making a transparent varnish 

layer and as adhesive in the lining of canvas. Paraloid B72 presents a lower 

tendency to water sorption and several years of usage of Paraloid B72 and 

repeated testing of artificial and natural ageing demonstrated its higher 

chemical stability, yellowing resistance and photo-thermal oxidation 

stability with respect other commonly used acrylics resins for art 

conservation [29-31]. On the other hand, the most severe limitations in the 

use of acrylics resins are related to their application mode, the resin 

concentration and the service conditions. However, these limitations have 

not impeded the use of Paraloid B-72 also in treated surfaces exposed to 

high humidity and temperature conditions, making mistakes and irreversible 

damages to artworks [32-35]. In the last years, conservators are focusing the 

usage of Paraloid just on certain restoration operations and under controlled 

environmental conditions. Paraloid B72 is certainly one of the most utilized 

consolidant material for degraded wood, in particular, for wood exposed to 
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biological attack that exhibits a critical structural decohesion state [3, 18, 23, 

36]. Therefore, an increase of the strength and the elastic modulus of 

degraded wood after consolidation treatment is recommended. 

 

2.3 Lining of oil paintings on canvas 

2.3.1 State of art 

The restoration of oil paintings on canvas involves all different material 

layers that constitute this kind of objects, such as the textile substrate, the 

preparation layer, the paint film and the varnish layer. For this reason, this 

restoration operation is one of the most concerning for conservators [37]. 

Often the critical source of oil paintings decay is the substrate. In fact, the 

flax canvas, that is the most used textile as substrate to paint, is sensitive to 

the environmental conditions and especially to the humidity level of the 

exposure environment [38]. Additionally, oil paintings are fixed to a 

stretcher and therefore subjected to long lasting constant shear stresses. 

Excessive dimensional variations of canvas and elevated stretching, can 

promote the deformation of the substrate and, consequently, the formation of 

cracks in the textile and in the paint film as well, until the separation of the 

paint from the preparation and the support [39]. The loss of tension and the 

relaxation of the canvas can occur [40]. A degraded canvas has to recover its 

initial mechanical properties and to do this conservators have two options, 

the consolidation of the original support and/or the lining of the canvas [41]. 

In both restoration operations an adhesive is applied to the damaged textile.  

The lining of paintings was introduced in the 18th century [42]. The first 

adhesives utilized for this application were animal glue and flour, applied by 

hot steel iron. Wax-resins, generally called hot-seal adhesives, were 
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introduced in the 19th century in order to replace natural glue/paste 

adhesives which can suffer from degradative processes becoming hard and 

brittle [39, 42]. Lining processes were improved with the introduction of 

hot-tables and low-pressure consolidation processes that guaranteed a better 

control of temperature and pressure parameters during treatment [43]. This 

change in technology led to the use of heat-seal adhesives. In particular, 

thermoplastic adhesives are the most used for their good physical properties 

and high chemical and yellowing stability [38, 42]. 

The lining of oil paintings requires a combination of optical and chemical 

stability and specific mechanical properties. The adhesive joint needs an 

appropriate adhesive strength to keep connected surfaces with different 

properties (the old canvas and the new lining textile), good viscoelastic and 

creep strength and relaxation resistance [44]. Therefore, for this specific 

application an improvement of the adhesive joint dimensional stability under 

creep conditions is highly desirable. 

  

2.3.2 Aquazol 

Aquazol is a poly 2-ethyl-2-oxazoline, available in several molecular 

weights (i.e. 5, 50, 200, 500 daltons). It is a versatile water soluble adhesive 

that is soluble in a wide range of organic solvents, as well. Generally called 

PEOX, introduced in the field of conservation in the 1990s, even though 

scientific studies on this synthetic resin have been carried out since the 

1980’s [45, 46]. Aliphatic tertiary amides present a chemically stable form 

of nitrogen, therefore PEOXs tend to guarantee a good aging behavior [47, 

48]. In fact, the results of accelerated aging studies demonstrated how 

Aquazol polymers are able to maintain both their neutral pH and their 

stability with aging [46, 49]. It has good thermal stability and ability to bond 
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a broad range of materials [47]. The most common use of this thermoplastic 

resin is in coating formulations [50], as pigment dispersants in inks [51] and 

as adhesive for various types of artworks [52]. Since its refractive index is 

close to that of sodalime glasses, Aquazol was originally applied as 

consolidant for glassy objects [46]. Thanks to its elevated transparency, high 

flexibility even at low humidity level [53, 54], ability to make protective 

film, good capability to penetrate into sharp cracks and easy removability, 

being a water soluble polymer, in the 1990s Aquazol was oriented in the 

restoration of oil paintings [55]. Nowadays, conservators utilize this polymer 

also as adhesive on friable paints and cracked gilding in order to fix the paint 

film onto the original canvas [49, 52]. On the other hand, Aquazol is a very 

sensitive hygroscopic material and conditioning levels over 50% of relative 

humidity significantly affect its mechanical behavior. The plasticizing action 

due to the moisture content emphasizes its rubber-like behavior leading to a 

decrease of its dimensional stability. This loss of tension can produce a 

distortion of the canvas thus impairing a coherent reading of the artwork 

[41].  

 

2.4 Micro- and nanocomposites 

Composites are combinations of at least two distinct phases, a matrix and a 

dispersed material, differing in composition, where each phase maintains its 

own identity. The matrix phase is the primary and continuous phase and 

usually it is the most ductile phase of a composite. The dispersed phase is 

arranged within the matrix in a discontinuous form. Since this secondary 

phase is usually stronger than the matrix, it is sometimes called reinforcing 

phase [56]. 



 
 

Background 

 

 

38 

Engineering composite materials represent a special type of composites with 

three peculiar features:  

 they contain two or more distinct constituents,  

 they are synthesized controlling the form, distribution and amount 

of constituents, 

 they have more specific and superior final performances that can 

be predicted from the properties, amounts and arrangements of 

constituents by mechanical criteria [57]. Compared to 

conventional engineering materials, composites can exhibit 

exceptional elevated strength and stiffness with respect to their 

density (Figure II-3). 

 

Figure II- 3. Specific elastic modulus E/ρ plotted against specific strength σr/ρ (on log 
scales) [57]. 
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Composites can be distinguished by the type of the matrix composition into: 

metal matrix composites (MMCs), ceramic matrix composites (CMCs), and 

polymer matrix composites (PMCs). This last class of composites is certain 

the most industrially produced and the most scientifically investigated. 

Thanks to their low cost and simple fabication methods, polymer composites 

are so widely used in the engineering field [58].  

Polymer composites can be distinguished by the characteristic size of the 

filler particles: 

 microcomposites that contain micrometer-scale fillers; 

 

 nanocomposites that contain nanometer-scale fillers, i.e. fillers that 

have at least a characteristic size less than 100 nm. 

As compared to neat polymer, microcomposites and mainly nanocomposites 

exhibit markedly improved properties in terms of elastic modulus, strength, 

impact performance, and heat resistance. 

 

2.4.1 Micro- and nanofillers 

Particles can be spherical, cubic, platelet  with regular or irregular geometry 

and, usually, they do not have a  preferential orientation [59]. Reinforcing 

agents are often  differentiated by their degree of anisotropy (aspect ratio). 

Fillers with plate-like geometry such as layered silicates, talc and mica are 

more stronger than spherical fillers and the effect of glass fibers is expected 

to be even stronger [58]. The particle size and distribution significantly 

affects the mechanical behavior of the composite material [60, 61]. For 

instance, large particles can easily debond from the matrix, leading to a 

premature failure. A high matrix/filler and particle/particle interact is 
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desirable for good functional properties of the composite. The surface free 

energy of fillers determines both interactions and it  has a pronounced effect 

on the mechanical properties of the composite [58].  Thanks to surface 

treatments one can modify this property of fillers. In order to obtain a high 

dispersion degree of particles, fillers must be homogeneously distributed and 

dispersed in the polymeric matrix. Good distribution and good dispersion of 

fillers promotes all the advantages of the composite technology. Figure II-4 

shows examples of dispersion and distribution conditions achievable in a 

composite material [62].  

 

Figure II- 4. A schematic illustration of (a) good distribution but poor dispersion, (b) poor 
distribution and poor dispersion, (c) poor distribution but good dispersion and (d) good 

distribution and good dispersion [62]. 

 

Aggregation phenomena are strictly related to the particle size. Extensive 

filler agglomerations can lead to insufficient homogeneity, rigidity and low 

strength, acting as crack initiation sites [63, 64].  A broad variety of 

materials has been used as fillers in composites. Precipitated calcium 

carbonate, carbon black, carbon nanofibers and nanotubes, graphene and 
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graphite nanoplates, mica, short  and long glass fibers, aramid and kevlar 

fibers, clay and layered silicates, fumed metal oxides (SiO2, TiO2, etc.), 

silicium carbide, phenolic microspheres and several flame retardants are just 

some of the most commonly utilized fillers or reinforcements [58].  

Nowadays, there is a more and more large use of natural fillers from plants 

such as wood flour and fibers, and micro- and nanocellulose . This class of 

fillers has very high strength and, being abundantly available and 

biodegradable, present special advantages in comparison to synthetic fillers.  

[65, 66].  

2.4.1.1 Cellulose microcrystals 

 

Cellulose microcrystals, CMC, consist of cellulose fibers with a diameter  of 

few micrometers. These fibers are made up elementary cellulose microfibrils 

having a width of about 5 nm and a length of about 20/30 nm [67] In Figure 

II-5 a schematic of microfibrils in cellulose fibers is shown [68].  

 

 

Figure II- 5. Schematic of the cellulose cell wall and microfibril organization [68]. 
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Microcrystalline cellulose is obtained in industrial scale from native 

cellulose material or pulp through the acid hydrolysis process that it has 

been already known for over 50 years [69]. Production of CMC from 

materials such as water hyacinth, coconut shells [70], sugar cane bagasse 

[71]and jute has been investigated as well.  The reaction of cellulose with 

water solution of strong mineral acid at boiling temperature removes the 

amorphous fraction and reduces the degree of polymerization (level-off 

degree of polymerization, LODP) of the cellulose chains [72] (Figure II-6).  

 

 

Figure II- 6.  Schematic of crystalline and amorphous fractions in a cellulose microfibril 
[73]. 

 

Due to this hydrolysis reaction CMC presents a high degree of crystallinity. 

With the increasing of crystallinity, tensile strength, dimensional stability 

and density of microcrystalline cellulose increase. Moreover, this reinforcing 

agent has a good water swelling resistance and it is stable at elevated 

temperature and under different pH conditions [74, 75]. As all natural plant 

derived fibers, CMCs are non-toxic, biodegradable and recyclable and they 
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have generally lower density and high specific strength and elevated 

stiffness. For this reason, they are applied in the production of low-density 

composites at high filler concentration [76]. 

 

2.4.1.2 Cellulose nanocrystals 

 

Nanocellulose exhibits excellent characteristics. In particular, a huge 

specific area, impressive mechanical properties, good optical properties, 

biocompatibility and biodegradability, rendering this material a potential 

candidate to be use as reinforcement in the polymer composite science [77]. 

The study of cellulosic nanofibers as a reinforcing phase in nanocomposites 

started 15 years ago [78]. Depending on the different production method, it 

is possible to obtain three main families of nanocellulose: microfibrillated 

cellulose (MFC), cellulose nanocrystals (CNC) and bacterial nanocellulose 

(BNC). In Table II-2 the different terminologies used to describe cellulose 

nanoparticles associated to their material source and production process are 

listed [79].  
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Table II- 1. The different terminologies used to describe cellulose nanoparticles [79]. 

 

 

In Figure II-7 one can observe the morphology of the three different classes 

of nanocellulose [79]. 

 

 

Figure II- 7. a) Transmission electron micrographs of a) MFC, b) CNC, and c) BNC [79]. 
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Bacterial nanocellulose (known also as bacterial cellulose, microbial 

cellulose, or bio-cellulose) is made by aerobic acetic acid bacteria of 

Gluconacetobacter (e.g., Acetobacter xylinum). This genus of bacteria 

produce a fine fibrous network of fibers with an average diameter between 

20-100 nm [80]. Bacterial cellulose differs from the other two types of 

nanocellulose for its biotechnological build-up process. MFC and CNC are 

instead formed by the delamination of natural fibers to separate and isolate 

the microfibrillar materials [81] (Figure II-8).  

 

Figure II- 8. The main steps involved in the preparation of cellulose nanoparticles [82].  

 

Microfibrilleted cellulose, or its synonymous nanofibrils, is used to 

designate long flexible nanoparticles consisting of alternating crystalline and 

amorphous strings. MFC can be considered as a cellulosic material, 

composed of expanded high-volume cellulose, moderately degraded and 

greatly expanded in surface area [82, 83]. MFC presents a web-like structure 

[84, 85], obtained by a homogenization process. In fact, MFCs are extracted 
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from the wood cell by a mechanical disintegration process that was first 

obtained by Herrick et al [86]. Cellulose nanocrystals are elongated 

crystalline rod-like nanoparticles [80]. In literature it is possible to find also 

the term nanowhiskers (or just simply whiskers), instead of CNC. Generally, 

CNCs are described as nanofibers grown under controlled conditions that 

lead to the formation of high-purity single crystals [87]. The extraction of 

crystalline cellulosic regions, in the form of nanowhiskers, is a simple 

process based on the acid hydrolysis [83]. Rod-like CNC particles have 

interesting properties, in terms of biocompatibility, anisotropy, good optical 

transparency, low thermal expansion coefficient and, especially, high elastic 

modulus, comparable to that of steel [6] (Table II-2). These features 

guarantee to nanocellulose a wild range of applications and promising 

results in the composite technology.  

 

Table II- 2. Young’s Modulus values of cellulose derivatives [73]. 
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CNC can be prepared from a variety of vegetable and animal sources, e.g., 

bacterial cellulose [88], algal cellulose (valonia) [89], hemp [90], tunicin 

[91], cotton [92] and wood [93]. It is possible to obtain CNC through the 

sulfuric hydrolysis of microcrystalline cellulose [94] and this was the type of 

CNC utilized in this research. 

 

2.4.2 Melt-compounding process 

Polymer composites and, in particular, thermoplastic composites can be 

obtained through the mechanical mixing of the filler with the solid 

polymeric matrix (in the absence of any solvent) above the softening point 

of the polymer. Traditional techniques, such as melt mixing using a twin-

screw extruder or injection molding, can be utilized in this case. This 

method includes the further employment of the compression molding by the 

application of a high pressure and a temperature equal or higher than that of 

the melt-compounding to melt again the polymer composite and give it a 

sheet form. In Figure II-9 a schematic of the melt-compounding and 

compression molding cycle for polymer composites is represented. 
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Figure II- 9. Schematic of the melt-compounding and compression molding cycle. 

 

2.4.3 Solution mixing process 

This method provides the direct mixing of the polymeric matrix and the 

filler, as the melt-compounding process but through the use of a solvent, in a 

solution system. This type of mixing is particularly suitable for preparation 

of polymer composites containing nano- or micron-sized fillers [95]. The 

fillers are predispersed in the polymer solution and casted in a mold. The 

further evaporation of the solvent from the filler/polymer solution leads to 

the formation of the composite film and allows a higher dispersion degree of 

the filler within the polymer matrix [96, 97] (Figure II-10).  
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Figure II- 10. Schematic of the solution mixing process. 

 

The shear force induced in the filler/polymer solution during the mixing 

process is much lower than that induced in the kneaded polymer melt in the 

absence of solvents [95]. For this reason, the solution-mixing method has an 

advantage over the melt-compounding method. On the other hand, polymer 

matrices that are not soluble in conventional low boiling point solvents 

cannot be used with this method.   
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3 Use of synthetic polymers in the art restoration 

3.1 Materials 

3.1.1 Paraloid B72 

One of the selected polymeric matrices was a methyl-acrylate/ethylene 

methyl-acrylate (MA/EMA) copolymer (Figure III-1) (specific gravity= 1.15 

g·cm-3, mean molecular weight= 70000 g/mol) with the trade name of 

Paraloid B72®, produced by Rohm and Hass (Germany) and provided by 

C.T.S. s.r.l. (Italy).  
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Figure III- 1. Chemical representation of Paraloid B72 macromolecule. 

 

Paraloid B72 (PB72) is supplied in granular form (pellets) easily soluble in 

ketones, esters and aromatic hydrocarbons. This thermoplastic resin is one of 

the most used synthetic polymers in restoration. It is a general-uses resin 

usable as a protective coating for metals and other compact surfaces, as a 

consolidant of porous materials and as an adhesive. Paraloid presents a high 

photo-oxidation resistance and chemical stability. The principal properties of  

PB72 used in this research, according to the producer datasheet, are listed in 

Table III-1. 

Table III- 1. Technical datasheet of Paraloid B72. 
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3.1.2 Aquazol 

Two different molecular weights of a poly 2-ethyl-2-oxazoline 

homopolymer (specific density= 1.07 g·cm-3, mean molecular weight= 

200000/500000 g/mol) with trade names of Aquazol 200® (AQ200) and 

Aquazol 500® (AQ500), respectively, were also selected as polymeric 

matrices. Additionally,  AQ500 was used also for the production of 

nanocomposites. These products were produced by Polymer Chemistry 

Innovation (USA) and provided by C.T.S. s.r.l. (Italy).  Figure III-2 shows 

the structure of the repeat unit of poly 2-ethyl-2-oxazoline.  

 

 

Figure III- 2. Structure of the repeat unit of poly 2-ethyl-2-oxazoline. 

 

Aquazol 200 and 500 are water soluble adhesives, stable in weak acids and 

bases. They can be diluted in a broad range of organic solvents, thermally 

processed and extruded. These polymers present high flexibility and 

transparency, good thermal and aging resistance. The main properties of 

AQ200 and 500 are summarized in Table III-2. 
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Table III- 2. Technical datasheet of Aquazol 200 and 500. 

 

 

3.1.3 Cellulose microcrystals 

Cellulose microcrystals, CMC, (specific gravity=1.56 g·cm-3, mean 

molecular weight= 90000 g/mol) prepared through the reaction of cellulose 

with a water solution of strong mineral acid at boiling temperature, supplied 

by Sigma Aldrich (USA), were selected as microscale reinforcing filler.  

CMC particles consist of elongated flakes with an average length of about 

24 µm and a diameter of about 10 µm (average L/D ratio of 2.4) (Figure III-

3).  
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Figure III- 3. ESEM image of cellulose microcrystals. 

 

3.1.4 Cellulose nanocrystals 

Aqueous suspensions at 5.5 - 8.7 wt% of cellulose nanocrystals CNC, 

obtained through the sulfuric hydrolysis of microcrystalline cellulose 

powder (CMC) in the Wallenberg Wood Science Center (Sweden), were 

used as nanofiller. CNCs are rod-like particles 100-400 nm long, 5- 10 nm 

wide, with an average aspect ratio of 50 (Figure III-4). 
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Figure III- 4. AFM image of cellulose nanocrystals. 

 

3.2 Composites preparation 

3.2.1 Microcomposites 

Polymeric matrices pellets of PB72 and AQ200/500 and microcrystalline 

cellulose powder were dried under vacuum at 105 °C for 24 hours, before 

being processed. Microcomposite plates were prepared by melt mixing and 

compression molding. Paraloid B72 or Aquazol 200/500 (depends on 

microcomposites) and several amounts of CMC (from 5 wt% to 30 wt%) 

were physically mixed at room temperature and then melt-compounded in a 

Thermo Haake® internal mixer (T=160 °C, n=60 rpm, t=10 min) and 

following compression molded using a Carver® hot press (T=170 °C, p=4 

MPa, t=5 min). In this way plane sheets of microcomposites with a thickness 

of around 1.3 mm were obtained.  The internal mixer and the hot press used 

in this preparation are depicted in Figure III-5. 
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Figure III- 5.  Pictures of (a) Haake® internal mixer (b) mixing chamber of the Haake® 

internal mixer and (c) Carver® hot press. 

 

After processing, microcomposites samples were stored in vacuum sealed 

bags in order to avoid water uptake.  

 

3.2.2 Nanocomposites 

Thin films of Aquazol 500 based composites filled with cellulose 

nanocrystals with an average thickness of 250 µm and a filler content of 5 

wt%, 10 wt% and 30 wt%, were prepared by solution mixing and casting 

method. Aqueous suspensions at 5.5 - 8.7 wt% of cellulose nanocrystals 

were mixed to the water solution of AQ500 under magnetic stirring at room 
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temperature.   Nanocomposites solutions were mechanically mixed for 3 min 

at room temperature. All solutions were undergone to vacuum degassing 

using a vacuum pump until the complete removal of the excess air. Then it 

was possible to cast solutions in plastic circular plates and dry them in a 

vacuum oven at 40°C until the complete solvent evaporation. 

Nanocomposites films were stored under vacuum in a desiccator.  

Films of AQ500 based composites filled with 5 wt%,10 wt% and 30 wt% of 

CMC and having an average thickness of 250 µm were produced fallowing 

the same method in order to perform the comparison between micro- and 

nanocomposites performances. 

 

3.2.3 Samples designation 

All micro- and nanocomposites were designated indicating the type of 

matrix, the type of filler and its amount. For instance, a sample of Paraloid 

B72 filled with 5 wt% of cellulose microcrystals is indicated as PB72-CMC-

5, while AQ500-CNC-5 represents a sample of Aquazol 500 filled with 5 

wt% of cellulose nanocrystals. Samples subjected to conditioning were 

denoted indicating also their conditioning level: W=conditioned (wet) state 

and D=dry state. For instance, AQ200-CMC-30D identifies a composite 

sample with a CMC amount of 30 wt% in the dry state. 
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3.3 Characterization of micro- and nanocomposites 

3.3.1 Microstructural charactectization 

3.3.1.1 SEM observations 

 

Environmental scanning electron microscopy (ESEM) technique was used to 

evaluate the dimension and distribution of microcellulose particles within 

polymer matrices. ESEM observations on neat CMC powder and on 

cryofractured surfaces of composites samples were carried out by a Philips 

XL30 environmental scanning electron microscope under an accelerating 

voltage of 10 kV. 

Microstructural analysis of micro- and nanocomposites made by the solution 

mixing method, were carried out through a Zeiss Supra 40 high resolution 

FESEM microscope with an accelerating voltage of 1 kV and a beam 

aperture of 20 µm.  

Before observation, all samples were immersed in liquid nitrogen and 

fractured. 

3.3.1.2 Evaluation of filler size 

 

The dimensional distribution of CMCs before and after the melt 

compounding process was evaluated by a Wild Heerbrugg Leica optical 

microscope. For the determination of CMC size after mechanical mixing, 

samples of Paraloid B72 and Aquazol 500 based formulations at the highest 

amount of CMC were dissolved in acetone at 30 °C for 1 h, and the resulting 

flakes were then dried under vacuum at 105 °C for 2 hours. At least 200 

measurements were performed on the resulting micrographs by an image 

analysis software (ImageJ®). For the sake of brevity, only one type of 

Aquazol matrices with the highest molecular weight was select for this test. 
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3.3.1.3 Differential scanning calorimetry 

 

Differential scanning calorimetry (DSC) tests were performed by a Mettler 

DSC30 calorimeter. Samples of about 12 mg were analyzed under a nitrogen 

flow of 150 ml·min-1, applying a first heating stage from 0 to 250°C linked 

to a cooling stage from 250 °C to 0 °C and to a second heating stage until 

250 °C at 10°C·min-1. For CMC and CNC solution mixed samples the same 

experimental parameters were used, but heating stages from 0°C to 120°C 

and a cooling step from 120°C to 0°C were selected. The glass transition 

temperature (Tg) was evaluated as the inflection point in the DSC curves. 

3.3.1.4 Thermogravimetric analysis 

 

The thermal stability of all micro- and nanocomposites was investigated 

through thermogravimetric analysis (TGA), by using a Mettler TG50 

thermobalance in a temperature interval between 40 and 700 °C, at a heating 

rate of 10°C·min-1 and under a nitrogen flow of 150 ml·min-1. The onset 

temperature (i.e. the temperature associated to a mass loss of 5%) and the 

residual mass at 700 °C were determined. The maximum degradation 

temperature was evaluated from the main peak of mass loss rate curves. 

3.3.2 Physical charactectization 

The optical characterization of melt-compounded microcomposites through 

the visual assessment of transparency, CIELAB color measurements and 

UV-vis analysis was conducted on thin films of CMC composites with a 

reduced thickness of about 100 µm. In order to reach this reduced thickness, 

a further compression molding at 150 °C under a pressure of 4 MPa for 10 

min, was required on the samples produced as described in par. 3.2.1. 
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3.3.2.1 Water sorption tests 

 

Paraloid and Aquazol based melt-compounded microcomposites samples 

with an average thickness of 1.3 mm and bulk samples of CMC produced 

pressing the powder with a glass slide into a metal squared mold with a 

thickness of 1.2 mm were conditioned at 23°C and 55% of relative humidity 

in a chamber with a super-saturated solution of Mg(NO3)2·6H2O for 30 days. 

This is the humidity level recommended in museums, churches and 

historical buildings for the optimal artwork conservation and fruition. It was 

selected to assess the effect of CMC on the water sorption tendency of neat 

matrices under a common service condition for cultural heritage. The 

moisture absorption was evaluated by monitoring the change of weight of 

five specimens for each formulation, by using a Gibertini E42 electronic 

balance with a resolution of 10-4 g, until a constant weight was reached. 

According to ASTM D570 standard, the moisture content (M%) was 

calculated comparing the initial weight of the samples (w0) and the weight at 

a time t (wt) according to Equation (1) : 

 

                                                 (1) 

 

Moreover, according to ASTM D5229 standard, the final moisture content 

(MMAX) and the time required to reach the equilibrium water content (ts) 

were evaluated. 

3.3.2.2 Optical transparency assessment 

 

Optical transparency of all micro- and nanocomposites films was evaluated 

through digital pictures taken by a professional Canon EOS 550D digital 
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camera equipped with a zoom lens EF-S 18-135 mm, at a distance of 20 cm 

from each specimen. 

3.3.2.3 CIELAB color measurements 

 

The color of CMC thin films samples obtained from melt-compounded 

composites plates was quantified by a portable spectrophotometer (Konica 

Minolta® model CM-2600d) with a diameter target area of 8 mm and CM-

S100w (SpectraMagicTM NX) software. Three readings were performed in 

different zones of each specimen placed on a white sheet. Color 

measurements were analyzed in accordance to the CIELAB color system 

[98]. Each color is described through three Cartesian coordinates: L*, 

lightness or luminosity of color, from 0 (absolute black) to 100 (absolute 

white); a*, variation in redness–greenness (positive a* is red and negative a* 

is green); and b*, change in yellowness–blueness (positive b* is yellow and 

negative b* is blue). Another important value is dE·ab, the total color 

difference between a target and different samples, in this case each of the 

three neat matrices and the relative CMC composites, respectively. dE·ab 

values were provided by the CM-S100w software. 

3.3.2.4 UV-vis spectroscopy analysis 

 

Relative transmittance spectra of all micro- and nanocomposites films were 

recorded with a Jasco570 UV-Vis-NIR spectrophotometer, at a spectral 

wavelength range of 250-800 nm.  
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3.3.3 Mechanical charactectization 

3.3.3.1 Hydrothermal conditioning 

 

Before mechanical tests, all samples of micro- and nanocomposites were 

dried at 50 °C for 24 h in a vacuum oven. Microcomposites prepared by 

melt-compounding were also tested after being conditioned at T= 23°C and 

RH= 55% in order to assess the mechanical response of these materials 

under recommended hydro-thermal conditions for artworks conservation. 

3.3.3.2 Dynamic mechanical thermal analysis (DMTA) 

 

In order to assess the viscoelastic properties of all micro- and 

nanocomposites dynamic mechanical thermal analysis (DMTA) were 

performed by using DMA Q800 device by TA Instruments under tensile 

configuration. For CMC melt-compounded samples, at least three 

rectangular specimens 15 mm long, 5 mm wide and 1.3 mm thick were 

tested, while for CMC and CNC solution mixed samples the thickness of the 

examined rectangular specimens was 0.25 mm. A temperature range 

between -10 °C and 150 °C, a heating rate of 3 °C·min-1 and a frequency of 

1 Hz were utilized. To assure a linear viscoelastic behavior, the strain 

amplitude was fixed at 0.05%. The trends of the storage modulus (E'), loss 

modulus (E") and loss tangent (tanδ) as a function of the temperature were 

registered. Moreover, coefficients of linear thermal expansion (CLTE) were 

determined from the evaluation of the slope of thermal strain curves below 

Tg in the glassy state (CLTEg) and above Tg in the rubbery state (CLTEr). 

For melt-compounded composites in the dry state the following temperature 

ranges were used: 
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 for Paraloid/CMC composites, CLTEg and CLTEr were 

determined in temperature intervals between 0 °C and 40 °C and 

between 50°C and 55 °C, respectively. 

 for Aquazol/CMC composites, CLTEg and CLTEr were calculated 

in temperature intervals between 0 °C and 55 °C and between 70 

°C and 75 °C, respectively. 

For conditioned melt-compounded composites the following temperature 

ranges were utilized: 

 for Paraloid/CMC composites, CLTEg and CLTEr were evaluated 

in temperature intervals between 0 °C and 35 °C and between 50 

°C and 55 °C, respectively. 

 for Aquazol/CMC composites, CLTEg and CLTEr were 

determined in temperature intervals between 0 °C and 25 °C and 

between 30 °C and 35 °C, respectively. 

For micro- and nanocomposites obtained by solution mixing method the 

following temperature ranges were used: 

 for CMC composites, CLTEg and CLTEr were estimated in 

temperature intervals between 0 °C and 40 °C and between 65°C 

and 75 °C, respectively. 

 for CNC composites, CLTEg and CLTEr were investigated in 

temperature intervals between 0 °C and 40 °C and between 70 °C 

and 80 °C, respectively. 
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3.3.3.3 Quasi-static tensile tests 

 

Quasi-static tensile tests were carried out on ISO 527 type 1BA samples of 

melt-compounded CMC composites (gage length 30 mm, width 5 mm, 

distance between the grips 55 mm, thickness 1.3 mm) by means of an 

Instron® 4502 universal testing machine, equipped with a 1kN load cell. 

Tensile tests for the evaluation of the elastic modulus were performed at a 

crosshead speed of 0.25 mm·min-1 (strain rate equal to 0.02 min-1) setting a 

maximum axial deformation level of 1%. The strain was recorded by using a 

resistance extensometer Instron® model 2620-601 (gage length of 12.5 mm). 

According to ISO 527 standard, the elastic modulus was evaluated at room 

temperature as a secant value between deformation levels of 0.05% and 

0.25%. Ultimate tensile properties (stress at break σB, and strain at break εB) 

were determined by tensile tests at break, executed at room temperature at a 

crosshead speed of 10 mm/min, without using the extensometer. At least five 

specimens were tested for each sample. For wet samples of Aquazol 

composites having a rubber-like behavior, a secant elastic modulus at 10% 

of strain was determined since it was not possible to use the extensometer. 

Additionally, the tensile energy to break (TEB) was calculated by integration 

of the area under the stress-strain curves corresponding to the total energy 

absorbed per unit volume of each specimen up to fracture.  

3.3.3.4 Plane-strain fracture toughness and strain energy release 

tests 

 

A deeper investigation of the fracture behavior of melt-compounded 

composites was carried out through the linear elastic fracture mechanics 

methods based on the determination of the plane-strain fracture toughness 

parameters KIC and GIC. An Instron universal testing machine, equipped with 

a 1kN load cell was used. According to ASTMD 5045 standard, single edge 



 
 

Experimental 

 

 

65 

notched bending samples (SENB), 35 mm long, 8 mm wide and 4 mm thick 

were tested at a crosshead speed of 10 mm·min-1. Samples were pre-notched 

with a sharp notch of 4 mm in depth, with a notch tip radius of less than 10 

microns. Both critical stress intensity factor (KIC) and critical strain energy 

release rate (GIC) values were determined as samples of at least five 

specimens. 

3.3.3.5 Creep tests 

 

In order to assess the effect of CMC and CNC on the elongation resistance 

of neat matrices, creep tests were performed at 30 °C by a TA Instrument 

DMA Q800 machine under tensile configuration, applying a constant stress 

value (σ0) fixed at about 10% of the stress at break of neat matrices. 

Rectangular specimens 15 mm long, 5 mm wide and with a thickness of 1.3 

mm for melt-compounded CMC composites and 0.25 mm for micro and 

nano solution mixed composites were tested for a total time of 3600 s. Creep 

compliance D(t), values were determined as the ratio between the time 

dependent deformation ε(t) and the applied stress (σ0).   

 

3.4 Consolidation of degraded wood 

3.4.1 Preparation and application of consolidant solutions 

Paraloid B72 neat matrix and corresponding microcomposites with 5 wt% 

and 30 wt% of CMC prepared by melt-compounding and compression 

molding were dissolved in acetone solutions at 10 wt% concentration. These 

consolidant solutions were applied on two species of historical degraded 

wood (18th century). The wood types selected for this work were a hardwood 

Persian walnut (Juglans regia) and a softwood European silver fir (Abies 
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alba). The two wood samples presented different conservation conditions. 

The Persian walnut exhibited a critical and advanced biological decay with 

evident holes and tunnels made by larval worms that interested also the inner 

part of the wood. Larvae holes and galleries were visible also in the silver fir 

but not as diffused as in the walnut wood. These two historical woods, 

representing different taxonomic families and degradation degrees, were 

selected to prove the consolidating properties of the neat Paraloid and the 

resulting microcomposites in various situations. Prismatic specimens of each 

wood species (5mm wide, 5mm tick and 80mm long) were impregnated with 

consolidant solutions by means of a brush. Two cycles of application on 

each face of specimens were performed and the amount of consolidant 

deposited was assessed by a Gibertini E42 electronic balance with a 

resolution of 10-4 g. Approximately, the same amount of consolidants, about 

130 mg, was applied on each face. As a comparison, all tests were even 

carried out on untreated modern samples of the same types of wood in a well 

preserved state. 

3.4.1.1 Samples designation 

 

Wood samples were identified through their conservation state (UW 

represents the undamaged modern wood; DW is the degraded historical 

wood), and the type of formulation used for the consolidation treatment (T0 

refers to neat Paraloid, T5 and T30 refer to Paraloid based composites with 

5wt% and 30 wt% of CMC, respectively). 

3.4.2 Brookfield tests 

In order to evaluate the possible viscosity change of the matrix after the 

introduction of CMCs, rheological measurements were performed on 
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unfilled and filled Paraloid acetone solutions in a Brookfield RVT coaxial 

viscometer, with an inner diameter of 17 mm and an outer diameter of 19 

mm, at a temperature of 25°C controlled by a thermostatic chamber. A shear 

rate interval between 0.1 and 15 rad·s-1 and a sample volume of 8 mL were 

used. 

3.4.3 Physical characterization 

After the air-drying of the solvent, wood samples for physical 

characterization were dried under vacuum at 105 °C until the achievement of 

a constant weight and then conditioned in a climatic chamber (ATS FAAR 

mod. CU/220-35) at a temperature of 23°C and a relative humidity of 65% 

till a constant weight was reached. A relative humidity level of 65% is the 

most common wet condition for wood that, consequently, presents a 

moisture content at equilibrium of about 12-15% [99, 100]. 

3.4.3.1 Gravimetric analysis 

 

Weight and volume changes of at least 5 specimens for each type of wood 

were monitored by using a Gibertini E42 electronic balance with a resolution 

of 10-4 g and a Mitutoyo digital caliper, respectively. The moisture content 

(M%), the oven-dry density (ρ0), the density at 65% of relative humidity 

level (ρ12) [101, 102], and the volumetric swelling (S) [103] were calculated 

at the equilibrium point according to the following equations: 
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                                                                                             (3) 

                                                           (4) 

where: Wt and Vt are the weight and volume of conditioned specimens at the 

equilibrium point and W0 and V0 are the initial dry weight and the initial dry 

volume of specimens, respectively. 

3.4.3.2 Mercury intrusion porosimetry 

 

The percentage of total porosity (PTOT) and the radius of macro- and 

micropore of all examined woods were detected by a Mercury Intrusion 

Porosimeter 2000 (FISONS Instruments). Samples of about 0.2 g were 

immersed in the non-wetting mercury. The increase of the pressure in the 

capillary allowed the intrusion of mercury in the cavities of samples. The 

pore radius (r) was estimated through the Washburn equation (Equation 5), 

that gives the relationship between the analysis pressure and this parameter. 

The total porosity of each sample was determined as the ratio between the 

volume of mercury intruded into the sample at the highest analytical 

pressure and the initial external volume of the sample [104]. 

 

P

cos2 θγ ⋅
−=r                                                        (5) 

where r is the pore radius, γ is the surface tension of mercury (0.48 N/m), θ 

is the wetting angle of mercury (141.3 °C) and P is the applied pressure. 
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3.4.3.3 Assessment of the penetration degree of consolidant 

solutions 

 

Before and after all consolidating treatments, surfaces and long cross-

sections of decayed wood samples were analyzed through optical 

microscope observations and Fourier transform infrared spectroscopy 

analysis FTIR in order  to evaluate the penetration degree of all consolidant 

solutions. 

3.4.3.3.1 Optical microscope observations 

 

For optical microscope observations of surfaces and long cross-sections of 

decayed wood samples an optical microscope NIKON SMZ25 was utilized. 

3.4.3.3.2 Fourier transform infrared spectroscopy (FTIR) 

 

FTIR analysis of surfaces and long cross-sections of decayed wood samples 

were carried out by a FTIR spectrometer Varian 4100 (Excalibur Series) 

equipped with a Golden Gate diamond (Graseby Specac) for ATR analysis. 

A scanning range from 4000 to 400 cm−1 was utilized. 

3.4.4 Mechanical characterization 

Before testing, samples were conditioned at 23°C and 55% of relative 

humidity in a chamber with a super-saturated solution of Mg(NO3)2·6H2O 

until a constant weight was reached.  

3.4.4.1 Three points flexure tests 

 

Three points flexure tests (ASTM D143) on at least 20 rectangular wood 

specimens (width= 5 mm, thickness= 5 mm, span length= 70 mm) for each 

set of samples were performed in order to investigate the effect of CMC on 
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the flexure behavior of Paraloid. These tests were conducted by means of an 

Instron 4502 universal testing machine, equipped with a 1 kN load cell. A 

crosshead speed of 1.3 mm/min was adopted. The flexural modulus (Ef), the 

maximum flexural stress (σMAX,f) and the maximum flexural strain (εMAX,f) 

were evaluated according to the following equations: 

2,
bh2
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where FMAX (N) is the load at break, L (mm) the span length, F (N) and u 

(mm) are any load and its displacement below the proportional limit, 

respectively and b and h (mm) are the width and the height of specimens, 

respectively. 

3.4.4.2 Charpy impact tests 

 

Charpy impact tests were conducted by a Ceast instrumented impact 

pendulum on at least 20 rectangular specimens (width= 5 mm, thickness= 5 

mm, span length= 40 mm) for each set of wood. A striker mass of 1.187 kg, 

an initial impact angle of 84° and a data acquisition rate of 2000 points per 

second were utilized. Samples were impacted at a speed of 2 m·s-1 with a 

maximum impact energy of 2.37 J. Through the integration of force-

displacement curves it was possible to estimate the specific energy adsorbed 

at the crack initiation (Ui), corresponding to the energy adsorbed up to the 

maximum load, the specific energy adsorbed during the crack propagation 
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(Up) and the total specific absorbed energy (UTOT), that is the sum of Ui and 

Up. Additionally, a ductility index (DI), was calculated as the ratio between 

Ui and Up to determine the energy absorption capability of wood samples 

before and after treatments, during fracture propagation [105]. 

3.4.4.3 ShoreD hardness tests 

 

The surface hardness of wood samples was determined by an ATS FAAR 

ShoreD hardness tester. According to ASTM D2240, three penetrations on 

each face of all wood specimens already tested by flexural tests were 

performed. Radial and tangential surfaces were analyzed. 

3.4.4.4 Microstructural analysis 

 

Microstructural analysis of fracture surfaces of impacted wood samples were 

carried out by a NIKON SMZ25 optical microscope Thanks to the 

instrument software, 3D profiles of failure surfaces were investigated in 

order to assess the effect of CMC introduction on the fracture mode of each 

group of wood. 

 

3.5 Lining of oil paintings on canvas 

3.5.1 Rheological tests 

Before application, dynamic rheological tests were performed on Aquazol 

based composites filled with CMC by using an Anton Paar MCR 301 

rheometer in plate-cone configuration. A maximum shear strain (γ0) of 1% 

and an angular frequency range between 0.05 and 300 s-1 were used. 

Conditioned samples (T= 23°C, RH= 55%) with an average diameter of 25 
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mm and an average thickness of 0.8 mm were examined at 60°C, the 

temperature generally used to apply the lining adhesive on canvases [106-

108]. 

3.5.2 Preparation of adhesive joints 

In order to simulate the consolidation of an ancient oil paintings substrate 

through the canvas lining, thin films of melt-compounded Aquazol/CMC 

composites with an average thickness of 100 µm and CMC and CNC 

solution mixed composites 250 µm thick were applied as lining adhesives. 

Single-lap adhesive joints (12.7 mm long and 25 mm wide) connecting two 

kinds of canvas were obtained by applying a pressure of 1MPa for 5 min at 

60 °C. The two canvases used for this application were a pure linen fabric, 

English canvas, made of boiled and wet spun flax yarn, with a weight of 170 

g/m2, a yarn count of 22X20 and a railroaded pattern, representing the 

original oil painting canvas, and a uncoated woven polyester, Sintel, with a 

weight of 260 g/ m2, a yarn count of 22X22 and a railroaded pattern, utilized 

as lining textile. The English canvas has an average thickness of 0.35 mm, 

while, the average thickness of the woven polyester is of 0.45 mm. In this 

way rectangular specimens 200 mm long and 25 mm wide were produced to 

be tested under single-lap shear configuration (Figure III-6).  
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Figure III- 6. Example of a single-lap adhesive joint with textile adherends 

 

3.5.3 Single-lap shear tests 

In order to investigate the possible stabilizing effect due to the dispersion of 

micro- and nanoreinforcements into very hygroscopic polymers, and the 

consequent increment of their dimensional stability, single-lap shear tests 

were conducted. Before testing, all samples were conditioned for 48h at 

23°C of temperature and 55% of relative humidity in a chamber with a 

super-saturated solution of Mg(NO3)2·6H2O. Single-lap shear tests in quasi-

static and creep conditions (Figure III-7) were carried out by an Instron® 

4502 universal testing machine, equipped with a 10kN load cell, using a 

crosshead speed of 10 mm/min to determine the adhesive shear strength (τB), 

calculated as the ratio between the maximum force and the overlapping area. 

The joint displacement (u), investigated in the gauge length of each sample, 

were determined applying a constant stress (τ0), corresponding to about 50% 

of the shear stress at break (τB) of the neat matrix adhesive samples, at a 
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temperature of 30 °C, for 3600 s. At least five specimens were tested for 

each sample and each condition.  

 

Figure III- 7.  Schematic of testing parameters 

 

3.5.4 Microstructural analysis 

Observations of the fracture surface of adhesive joints were carried out 

through a Wild Heerbrugg Leica optical microscope at a magnification of 

40X. 
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4.1 Characterization of microcomposites 

4.1.1 Microstructural characterization 

Microstructural characterization was carried out on microfiller, neat matrices 

and resulting microcomposites in order to assess the dispersion degree of 

CMCs within the selected polymer matrices and the possible correlation 

between microstructure and final properties of experimental composites. 

4.1.1.1 ESEM observations 

 

Analyzing ESEM images of CMC powder reported in Figure IV-1(a-b), it is 

possible to observe the irregular shape of CMC particles similar to elongated 

flakes with an average length of about 24 µm, a diameter of about 10 µm and 

an average aspect ratio of 2.4. 

 

(a) (b) 

  

Figure IV- 1. ESEM images of microcrystalline cellulose particles. 

 

Figures IV-2(a-e), IV-3(a-e) and IV-4(a-e) show ESEM micrographs of 

cryofractured surfaces of neat Paraloid and Aquazol matrices and resulting 

microcomposites samples. 
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(a) (b) 

  

(c) (d) 

  

(e)  

 

Figure IV- 2. ESEM images of cryofractured surfaces of (a) neat Paraloid B72 matrix and 
(b-e) resulting composites with 5wt%, 10wt%, 20wt% and 30wt% of CMC, respectively. 
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(a) (b) 

  

(c) (d) 

  

(e)  

 

Figure IV- 3. ESEM images of cryofractured surfaces of (a) neat Aquazol 200 matrix and 
(b-e) resulting composites with 5wt%, 10wt%, 20wt% and 30wt% of CMC, respectively. 
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(a) (b) 

  

(c) (d) 

  

(e)  

 

Figure IV- 4. ESEM images of cryofractured surfaces of (a) neat Aquazol 500 matrix and 
(b-e) resulting composites with 5wt%, 10wt%, 20wt% and 30wt% of CMC, respectively. 
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Paraloid and Aquazol 200-500 exhibit a relatively flat cryofractured section, 

typical of brittle materials. From micrographs of composites, it is evident 

that CMC flakes appear to be uniformly dispersed within the three matrices 

even at high filler loading without any preferential orientation. Individual 

flakes can be detected without a substantial filler aggregation. No evident 

debonding phenomena can be observed. For PB72 samples an increase of 

the roughness of fracture surfaces with increasing of the CMC content is 

visible, making harder a clear detection of filler flakes. Comparing the 

fracture surfaces of Paraloid and Aquazol composites, it can be easily 

noticed that PB72 filled samples exhibit the highest surface corrugation 

degree, evidence of a possible better polymer/CMC interaction. 

4.1.1.2 Evaluation of filler size 

 

The reinforcing capability of filler into composites is strictly related to its 

size and its aspect ratio. The evaluation of possible dimensional variations of 

the filler size induced by the melt compounding process was conducted. 

Optical microscope images of CMC flakes extracted from solubilized 

composites (an example of these images is reported in Figure IV-5(a-b)) 

were analyzed in order to determine the dimensional distributions of the 

length, the width and the aspect ratio of CMC extracted from Paraloid and 

Aquazol 500 composites (Figure IV-6(a-c), IV-7(a-c) and IV-8(a-c), 

respectively).  

 

 

 

 

 

 



 
 

Results and Discussion 

 

 

81 

(a) (b) 

  

Figure IV- 5. Optical microscope images of CMC flakes. (a) Before and (b) after melt-
compounding and compression molding process. 

(a) (b) 

  

(c)  

 

Figure IV- 6. CMC size distribution before and after processing cycle from Paraloid 
composites samples. (a) Length distribution, (b) width distribution, (c) aspect ratio 

distribution. 
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(a) (b) 

(c) 

 

 

 

 
Figure IV- 7. CMC size distribution before and after processing cycle from Aquazol 500 

composites samples. (a) Length distribution, (b) width distribution, (c) aspect ratio 
distribution. 

 

After melt compounding the size distribution of CMCs within all polymers 

is slightly broader, with a fraction of particles having length and width 

slightly higher than un-compounded flakes, but their aspect ratio is 

practically the same. This point could be explained considering the 

mechanical deformation induced at elevated temperature by the rotors of the 

melt compounder and/or the hot pressing on the CMC particles. Considering 

the resulting aspect ratio of CMCs before and after process and the 



 
 

Results and Discussion 

 

 

83 

experimental error associated to this kind of measurements, it can be 

concluded that the processing step does not markedly reduced the average 

dimensions of CMC particles in the composites. As reported in the literature, 

natural fibers can maintain their specific aspect ratio during melt processing 

thanks to their high flexibility in comparison to more brittle fillers such as 

glass or carbon fibres [109, 110].  

4.1.1.3 Differential scanning calorimetry (DSC) 

 

In Figures IV-8(a-b), IV-9(a-b) and IV-10(a-b) DSC thermograms of neat 

matrices and corresponding composites collected during the first and the 

second heating stage are reported. In Table IV-1 glass transition 

temperatures of each set of microcomposites collected during heating and 

cooling stages are summarized.  

(a) (b) 

  

Figure IV- 8. DSC thermograms of neat PB72 and corresponding composites. (a) First 
heating stage, (b) second heating stage. 
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(a) (b) 

Figure IV- 9. DSC thermograms of neat AQ200 and corresponding composites. (a) First 
heating stage, (b) second heating stage. 

 

(a) (b) 

  

Figure IV- 10. DSC thermograms of neat AQ500 and corresponding composites. (a) First 
heating stage, (b) second heating stage. 
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Table IV- 1. Glass transition temperatures (Tg) of neat matrices and resulting composites 
from DSC tests. 

 Tg °C 

Sample First 

heating 

Cooling Second 

heating 

PB72 40.5 31.4 39.8 

PB72-CMC-5 48.4 34.0 42.6 

PB72-CMC-10 46.7 35.6 41.9 

PB72-CMC-20 47.9 34.7 40.9 

PB72-CMC-30 46.5 32.9 41.0 

AQ200 55.9 48.0 58.9 

AQ200-CMC-5 55.5 46.7 58.4 

AQ200-CMC-10 55.4 47.2 58.6 

AQ200-CMC-20 56.8 47.6 58.6 

AQ200-CMC-30 56.4 46.4 58.7 

AQ500 56.8 48.5 59.9 

AQ500-CMC-5 56.6 47.7 59.7 

AQ500-CMC-10 57.6 49.2 59.7 

AQ500-CMC-20 57.1 47.3 60.1 

AQ500-CMC-30 56.8 48.5 60.0 

 

All specimens show the typical trend of amorphous polymers, with the 

presence of an inflection point due to the glass transition. In the first heating 

it is possible to note that CMC introduction in PB72 leads to an increase of 

the glass transition temperature. For instance, PB72-MCC-5 presents a Tg 

enhancement of about 8 °C in comparison to the neat resin. On the other 

hand, for both Aquazol based composites no significative changes in the 

mobility of polymeric chains due to CMC presence is detected and only a 
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slight increase of the glass transition temperature can be observed. In 

cooling and second heating scans, all composites report similar values of Tg 

as their corresponding neat matrices regardless of the increase of CMC 

content.  

Relative Tg trends as function of filler content were evaluated by dividing 

temperature values of each composite by those of their corresponding neat 

matrix in order to compare the effect of CMC on examined polymers. In 

Figure IV-11(a-b) relative Tg trends of PB72, AQ200 and AQ500 in the first 

and second heating stage that reported the most significant results, are 

shown. It is evident how CMC is able to increase the glass transition 

temperature of Paraloid independently on the CMC loading, while there are 

practically no effects on Aquazol polymers. This could be explained through 

the level of polymer-filler interaction, that for PB72-CMC is higher than 

AQ200/500-CMC, leading to a more pronounced action of CMCs on PB72 

polymeric chains and consequently on its Tg [111]. 

 

(a) (b) 

Figure IV- 11. Relative glass transition temperature (Tg) trends of Paraloid, Aquazol 200 
and 500 based composites. (a-b) First and second heating stage. 
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4.1.1.4 Thermogravimetric analysis (TGA) 

 

TGA thermograms and derivative of the mass loss curves of constituents and 

corresponding composites are reported in Figure IV-12(a-b) for PB72, IV-

13(a-b) for AQ200 and IV-14(a-b) for AQ500. The most important 

parameters regarding the thermal stability of the investigated materials are 

summarized in Table IV-2. 

 

(a) 

 

(b) 

 

Figure IV- 12. TGA thermograms of neat PB72, neat CMC and resulting composites. 
(a)Residual mass as a function of temperature, (b) derivative of the mass loss. 
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(a) (b) 

Figure IV- 13. TGA thermograms of neat AQ200, neat CMC and resulting composites. 
(a)Residual mass as a function of temperature, (b) derivative of the mass loss. 

 

 

(a) (b) 

  

Figure IV- 14. TGA thermograms of neat AQ500, neat CMC and resulting composites. 
(a)Residual mass as a function of temperature, (b) derivative of the mass loss. 
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Table IV- 2. Results of TGA tests on neat matrices, CMC and resulting composites 

Sample Tonset 

(°C) 

Tmax 

(°C) 

Residual mass 

at 700 °C (%) 

PB72 298 396 -- 

PB72-CMC-5 310 406 0.2 

PB72-CMC-10 308 406 1.0 

PB72-CMC-20 314 406 2.2 

PB72-CMC-30 321 406 3.4 

AQ200 370 414 -- 

AQ200-CMC-5 360 422 0.2 

AQ200-CMC-10 346 420 1.1 

AQ200-CMC-20 341 420 2.6 

AQ200-CMC-30 335 380 3.8 

AQ500 380 411 -- 

AQ500-CMC-5 362 425 0.2 

AQ500-CMC-10 353 418 1.0 

AQ500-CMC-20 338 399 2.5 

AQ500-CMC-30 339 380 3.7 

CMC 291 337  0.8 

 

Unfilled and filled composites with the lowest amount of CMC show a 

similar decomposition pattern with a one-step degradation peak due to the 

polymer matrix oxidative degradation. The increase of CMC loading over 10 

wt% leads to the presence of another peak centered at lower temperatures 

closer to the CMC degradation temperature. Although this earlier 

degradation peak has been detected in other studies on CMC polymer 

composites [112], it is difficult to assess its nature. It could be attributed to a 

fraction of CMC particles that starts to degrade immediately after the typical 

decomposition stage of pure CMC because of the presence of the matrix or if 

it is due to an earlier degradation of a fraction of the matrix promoted by the 

high amount of the microfiller. The temperature associated to the beginning 

of the thermal degradation (Tonset), corresponding to a mass loss of 5 wt%, 
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for PB72 samples increases proportional to the filler loading. In case of 

Aquazol formulations the opposite phenomenon occurs, with the decrease of 

Tonset with increasing of CMC content. All composite samples exhibit an 

interesting improvement of the temperature associated to the maximum mass 

loss rate (Tmax) since the lowest amount of microfiller, confirming the 

capability of this microfiller to increase the thermal stability of polymeric 

matrix [5, 113]. For Paraloid formulations there is no variation as the CMC 

content increases. For Aquazol polymers and especially for AQ500 the 

highest amounts of CMC promote the shift of the Tmax peak towards lower 

temperatures closer to the Tmax value of microcellulose. This different 

behavior is summarized in Figure IV-15(a-b) reporting the relative Tonset and 

Tmax trends of the three matrices as a function of the CMC loading, 

calculated dividing temperature values of each composite by those of their 

corresponding neat matrix. 

(a) (b) 

Figure IV- 15. Relative TGA properties trends of Paraloid, Aquazol 200 and 500 based 
composites (a) Temperature associated to the beginning of the degradation (Tonset), (b) 

temperature associated to the maximum mass loss rate (Tmax). 

 

A different polymer–filler interfacial adhesion degree between PB72 and 

AQ200/500 could be the main cause of this different behavior. According to 
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a widely accepted explanation [114, 115], the introduction of a filler in 

polymeric materials can promote the formation of a char enriched surface 

layer acting as a barrier to the diffusion of oxidant species through the 

samples and thus inhibiting the degradation process. This effect leading to 

an increase of the thermal stability of the matrix is particularly evident in 

nanofilled composites, but it could be also found in some microcomposites.  

The formation of this ceramized surface layer on samples is confirmed by 

the fact that the residual mass at 700 °C increases proportionally to the filler 

content for all composites because this surface layer does not allow the 

complete combustion and vaporization of matrices (Table IV-2).  But, in 

case of Aquazol samples the lower polymer-filler interaction limits the 

positive effect of this ceramized surface on the thermal stability. 

4.1.2 Physical characterization 

4.1.2.1 Water sorption tests 

 

The water uptake tests allowed the determination of the moisture sorption 

kinetics (M%) of unfilled and filled matrices (Figure IV-16(a-c)). 

Composites with the lowest and the highest amounts of CMC were tested. 

The maximum moisture content (MMAX) and the time required to reach 

equilibrium conditions (ts) are summarized in Table IV-3. Gravimetric 

curves of all formulations (Figure IV-16(a-c)) show a typical Fickian 

behavior, with an initial step reporting a linear relationship between the 

humidity sorption and the square root of the time, typical of a Fickian 

diffusion. After this step, the water sorption rate decreases until an 

equilibrium point. Similar behavior is widely documented in the scientific 

literature on the hydro-thermal aging of polymer composites [116-118].  
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(a) (b) 

(c)  

 

Figure IV- 16. Water kinetics of CMC powder, neat matrices and resulting composites 
conditioned at RH = 55% and T = 23°C. (a) PB72 based composites, (b) AQ200 based 

composites, (c) AQ500 based composites. 
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Table IV- 3. Results of water absorption kinetics of neat matrices and resulting 
composites in conditioned state. 

Sample 
MMAX 

(wt%) 

ts 

(s) 

PB72 0.45 24 

PB72-CMC-5 0.70 96 

PB72-CMC-30 1.63 240 

AQ200 9.37 264 

AQ200-CMC-5 9.51 264 

AQ200-CMC-30 11.91 336 

AQ500 9.35 264 

AQ500-CMC-5 9.56 264 

AQ500-CMC-30 11.77 336 

CMC 0.20 24 

 

It is worthwhile to note the different sorption behavior of Paraloid and 

Aquazol polymers. The two polyamides show a much higher tendency to 

water uptake with respect to the acrylic resin, underlining the substantial 

hygroscopic nature of these products.  

Analyzing composites results, although CMC powder sorbs less water than 

neat resins, the introduction of this filler leads to an increase of the moisture 

content in all filled samples, more evident as its content increases. For 

instance, if M% of AQ500 is 9.35 wt%, AQ500-CMC-30 samples present an 

equilibrium moisture value of 11.77 wt%. Moreover, the time needed to 

reach the equilibrium level (ts) increases with the filler amount, passing, for 

example,  from 4 days for PB72 and PB72-CMC-5 samples up to 10 days for 

PB72-CMC-30 ones and from 11 days for AQ200 and AQ500 samples up to 

14 days for AQ200-CMC-30 and AQ200-CMC-30 composites. Moisture 
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absorption in polymeric materials is generally ruled by the Fick’s diffusion 

law. It is known that water molecules may rapidly diffuse within the matrix, 

while moisture diffusion through filler particles is considerably slower. 

Another important diffusion mechanism in composite materials is the 

capillarity and the flow of water through microcraks, voids and other 

defects, including the filler-matrix interface [119-121]. Therefore, the higher 

tendency of CMC filled composites to absorb water in comparison to neat 

polymer matrices could be explained considering this capillary water 

diffusion. 

4.1.2.2 Optical transparency assessment 

 

Good optical properties and, particularly, high transparency levels are 

among the most important features of a polymer to be applied in the cultural 

heritage restoration. The addition of a filler in a polymeric matrix can impair 

its optical features because of the size of the reinforcing agent, the tendency 

of the filler to aggregate and/or the filler content [122, 123]. In Figure IV-17 

optical pictures of thin films of each neat matrix and its relative composites 

with 5 wt% and 30 wt% of CMC are shown. It is evident how formulations 

with the highest CMC amount exhibit a chromatic variation, ranging from 

colorless materials to light yellow/brown ones. 
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Figure IV- 17. Optical images of thin adhesive composite films showing the effect of the 
addition of 5 wt% and 30 wt% of CMC on the optical properties of Paraloid and Aquazol 

matrices. 

4.1.2.3 CIELAB color measurements 

 

The chromatic variation optically detected was quantified by CIELAB color 

measurements and the main color parameters are listed in Table IV-4. In the 

CIELAB 1976 system, the Cartesian coordinates, L*, a* and b*, describe a 

3-dimensional space useful to identify colors. L*, a* and b* values 

correspond to CIE XYZ tristimulus values X, Y, Z, by following equations: 

L* = 116 �	 ���
	��/� 	 16                 (9) 

a* = 500 �� 
�

��/� 		� �
��

��/��           (10)             

b* = 200 �� �
��

��/� 		� �
��

��/��           (11)              

where Xn, Yn and Zn are the tristimulus values of the white stimulus, which 

is typically the brightest stimulus in the view field [124].  
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Table IV- 4. Measured CIELAB Color coordinate values. 

Sample L* a* b* dE*·ab 

PB72 93.76 ± 0.07 2.70 ± 0.05 -10.51 ± 0.24 0 

PB72-CMC-5 93.57 ± 0.71 2.65 ± 0.05 -10.06 ± 0.23 0.56 ± 0.07 

PB72-CMC-30 92.57 ± 0.42 2.09 ± 0.04 -6.24 ± 0.27 4.36 ± 0.24 

AQ200 93.47 ± 0.29 2.41 ± 0.08 -9.22 ± 0.25 0 

AQ200-CMC-5 93.09 ± 0.79 2.13 ± 0.06 -8.22 ± 0.25 1.06 ± 0.17 

AQ200-CMC-30 91.97 ± 0.47 1.74 ± 0.04 -4.44 ± 0.11 5.28 ± 0.48 

AQ500 93.68 ± 0.44 2.53 ± 0.06 -9.89 ± 0.02 0 

AQ500-CMC-5 93.06 ± 0.56 2.43 ± 0.09 -8.76 ± 0.24 1.16 ± 0.29 

AQ500-CMC-30 92.17 ± 0.65 2.27 ± 0.11 -6.48 ± 0.16 3.50 ± 0.04 

 

All tested films have similar lightness value (L*), except, composites with 

the highest amount of CMC that report a slight decrese of this property. All 

samples register a decrease of redness–greenness value (a*), and an 

enhancement of yellowness-blueness value (b*) as CMC loading increases. 

These variations are related to a chromatic shift of each neat matrix towards 

yellow tones with a slight decrease of brightness, especially for those 

formulations with 30 wt% of CMC as already seen in Figure IV-17.  In order 

to quantify the color difference among examined samples, the Euclidean 

distances between the dE*·ab values of neat polymers (Ls, as, bs) and the 

color values of CMC loaded matrices (L2, a2,b2) were determined according 

to Eqn 12. [125]: 

dE∗ · ab = ����∗ 		��∗�� +	���∗ 		��∗�� +	���∗ 		��∗��	 �/�      (12) 
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The just noticeable difference (JND) is the minimum dE*·ab value that can 

be perceived by the human eye. The accepted dE*·ab value for a barely 

perceivable difference is 2.3 and is given a unit of 1 JND. Color differences 

below 1 JND, or 2.3 dE*ab, are not easily detected by an observer [126]. 

Considering the dE*·ab values collected in Table IV-4, only formulations 

with the highest amount of CMC show a noticeable color difference and 

among these samples AQ200 presents the highest chromatic variation, while 

AQ500 has the lowest one.  

4.1.2.4 UV-vis spectroscopy analysis 

 

Relative transmittance, T%, as a function of the wavelength is reported in in 

Figure IV-18(a-c) for filled and unfilled polymers films.   

 

(a) (b) 
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(c) 

 

Figure IV- 18. Relative transparency (T) spectra of neat matrices and 
resulting composites. (a) Paraloid B72, (b-c) Aquazol 200 and 500. 

 

The introduction of CMC leads to a drop in transmittance values with 

increasing filler content for all three polymers. In particular, PB72 and 

AQ200 lose about 15% and 70% of the transmittance after the addition of 5 

wt% and 30 wt% of CMC, respectively. AQ500 registers a higher T% loss at 

5 wt% of CMC of about 25% and the lowest decrease of transparency at 30 

wt% of filler loading of about 45%. 

4.1.3 Mechanical characterization 

The mechanical characterization results discussed in the following sections 

were obtained on microcomposites in dry and conditioned state (T= 23°C, 

RH= 55%). 

4.1.3.1 Dynamic mechanical thermal analysis (DMTA) 

 

The storage modulus (E'), loss modulus (E") and tanδ curves of the three 

neat matrices and corresponding CMC composites in the dry state, obtained 

from DMTA analysis, are reported in Figure IV-19(a-c), IV-20(a-c) and IV-
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21(a-c). In Table IV-5 the most relevant data emerging from DMTA analysis 

are shown. 

 

(a) (b) 

(c)  

 

Figure IV- 19. DMTA thermograms of neat PB72 and resulting composites in the dry state 
(f = 1 Hz). (a) Storage modulus E', (b) loss modulus E", (c) loss factor tanδ. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Results and Discussion 

 

 

100 

(a) (b) 

  

(c)  

 

Figure IV- 20. DMTA thermograms of neat AQ200 and resulting composites in the dry 
state (f = 1 Hz). (a) Storage modulus E', (b) loss modulus E", (c) loss factor tanδ. 

(a) (b) 
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(c) 

 

Figure IV- 21. DMTA thermograms of neat AQ500 and resulting composites in the dry 
state (f = 1 Hz). (a) Storage modulus E', (b) loss modulus E", (c) loss factor tanδ. 

 

Table IV- 5. Results of DMTA tests on neat matrices and resulting composites in the dry 
state. 

Sample 
E' at 25°C 

(GPa) 

E" 

peak value 

(GPa) 

 tanδ 

peak value 

Tg from 

E" 

(°C) 

PB72 2.25 0.34 2.00 50.5 

PB72-CMC-5 2.40 0.36 1.99 51.3 

PB72-CMC-10 2.55 0.40 1.93 51.4 

PB72-CMC-20 2.65 0.46 1.81 51.8 

PB72-CMC-30 3.27 0.52 1.73 52.9 

AQ200 3.08 0.62 3.25 71.6 

AQ200-CMC-5 3.45 0.67 3.18 72.5 

AQ200-CMC-10 3.51 0.68 2.99 72.6 

AQ200-CMC-20 3.66 0.73 2.75 72.4 

AQ200-CMC-30 3.80 0.80 2.52 73.5 

AQ500 3.41 0.69 3.23 73.9 

AQ500-CMC-5 3.53 0.70 3.17 74.4 

AQ500-CMC-10 3.58 0.73 2.97 74.2 

AQ500-CMC-20 3.71 0.76 2.79 75.5 

AQ500-CMC-30 4.00 0.84 2.54 75.0 
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All dried microcomposites report a similar viscoelastic response after the 

introduction of CMC flakes with a progressive enhancement of both the 

storage (E') and the loss (E") moduli as the filler loading increases. 

Correspondingly, tanδ values decrease with the CMC amount. Considering 

that the loss factor is calculated as the ratio between E" and E', the detected 

tanδ trends can be explained by the fact that the positive contribution of the 

CMC addition on the E' is higher than the E" enhancement. Therefore, CMC 

has a more relevant action on the elastic components than the viscoelastic 

behavior of neat matrices. Formulations of Paraloid with 30 wt% of CMC 

reach values of E' higher than about 45% in comparison to the neat matrix, 

Aquazol 200 and 500 filled composites with the highest amount of CMC 

register an increase of E' of about 25% and 20% respectively in comparison 

to their corresponding matrix. This stabilizing effect due to the CMC 

introduction has been already reported in other literature studies [5, 112, 

127].  According to DMTA tests, the temperatures associated to E" peaks 

(representing the glass transition temperatures of composites) slightly shift 

towards higher values with an enhancement of about 3 degrees for PB72-

CMC-30 and about 2 degrees for AQ200-CMC-30 and AQ500-CMC-30. In 

addition the coefficient of linear thermal expansion (CLTE) was calculated, 

as the slope of the secant line of thermal strain curves in the glassy (CLTEg) 

and rubbery (CLTEr) states for each set of composites, according to 

Equation (13): 

!�"# =
$�

�% ∙ $"
																										(13) 

 

where L0 is the original length of the samples (i.e the length of the samples 

at interval temperatures), ∆L is the thermal displacement in the considered 
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temperature interval (∆T).  CLTE values below and above Tg of all 

composites are listed in Table IV-6, while in Figure IV-22(a-b), IV-23(a-b), 

IV-24(a-b) thermal strain curves of PB72, AQ200 and AQ500 composites, 

used for the determination of CLTE values, are shown.  

 

(a) (b) 

Figure IV- 22. Thermal strain curves of PB72/CMC composites in the dry state. (a) Below 
Tg, between 0 °C and 40 °C, (b) above Tg, between 50 °C and 55 °C. 

(a) (b) 

Figure IV- 23. Thermal strain curves of AQ200/CMC composites in the dry state. (a) 
Below Tg, between 0 °C and 55 °C, (b) above Tg, between 70 °C and 75 °C.  
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(a) (b) 

  

Figure IV- 24. Thermal strain curves of AQ500/CMC composites in the dry state. (a) 
Below Tg, between 0 °C and 55 °C, (b) above Tg, between 70 °C and 75 °C. 

 

The addition of CMC flakes induces a general reduction of the coefficient of 

linear thermal expansion (CLTE) both under and above the glass transition 

temperature in all resins. CLTEg and CLTEr values of neat matrices 

decreases of about 30% for PB72 and AQ200 based composites and about 

40% for AQ500 samples (Table IV-6). This improvement highlights the 

stabilizing effect of CMC on these polymers.   



 
 

Results and Discussion 

 

 

105 

Table IV- 6. Coefficient of linear thermal expansion values calculated in the glassy 
(CLTEg) and in the rubbery (CLTEr) states under dry conditions. 

Sample 
CLTEg 

(K-1) 

CLTEr 

(K-1) 

PB72 6.3E-05 6.2E-03 

PB72-CMC-5 6.7E-05 5.7E-03 

PB72-CMC-10 5.7E-05 5.4E-03 

PB72-CMC-20 5.8E-05 4.2E-03 

PB72-CMC-30 4.8E-05 3.6E-03 

AQ200 9.3E-05 10.1E-03 

AQ200-CMC-5 8.0E-05 8.8E-03 

AQ200-CMC-10 6.6E-05 8.4E-03 

AQ200-CMC-20 6.7E-05 8.1E-03 

AQ200-CMC-30 5.8E-05 6.9E-03 

AQ500 8.9E-05 8.4E-03 

AQ500-CMC-5 7.1E-05 7.0E-03 

AQ500-CMC-10 6.2E-05 6.9E-03 

AQ500-CMC-20 6.2E-05 5.0E-03 

AQ500-CMC-30 4.8E-05 4.8E-03 

 

 

DMTA analysis were carried out on PB72, AQ200 and AQ500 

microcomposites after a hydrothermal conditioning at T= 23°C and RH= 

55%, simulating the standard environmental conditions recommended for 

the artwork conservation. Formulations with the lowest and the highest 

amount of CMC were selected for these tests. In Figure IV-25(a-c), IV-26(a-

c) and IV-27(a-c) the storage modulus (E'), loss modulus (E") and tanδ 
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curves of conditioned microcomposites are presented. In Table IV-7 DMTA 

results of each group of CMC composites are listed. 

(a) (b) 

  

(c)  

 

Figure IV- 25. DMTA thermograms of neat PB72 and resulting composites in conditioned 
state (f = 1 Hz).  (a) Storage modulus E', (b) loss modulus E", (c) loss factor tanδ. 

(a) (b) 
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(c)  

 

Figure IV- 26. DMTA thermograms of neat AQ200 and resulting composites in 
conditioned state (f = 1 Hz).  (a) Storage modulus E', (b) loss modulus E", (c) loss factor 

tanδ. 

(a) 

 

(b) 
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(c) 

 

Figure IV- 27. DMTA thermograms of neat AQ500 and resulting composites in 
conditioned state (f = 1 Hz).  (a) Storage modulus E', (b) loss modulus E", (c) loss factor 

tanδ. 

 

Table IV- 7. Results of DMTA tests on neat matrices and resulting composites in the 
conditioned state. 

Sample 
E' at 25°C 

(GPa) 

E" 

peak value 

(GPa) 

 tanδ 

peak value 

Tg from 

E" 

(°C) 

PB72 2.04 0.29 2.01 50.5 

PB72-CMC-5 2.32 0.34 1.95 50.1 

PB72-CMC-30 2.85 0.46 1.70 49.3 

AQ200 1.56 0.28 0.60 28.9 

AQ200-CMC-5 2.33 0.42 0.69 29.1 

AQ200-CMC-30 3.43 0.62 1.09 29.9 

AQ500 1.92 0.33 0.67 31.6 

AQ500-CMC-5 2.70 0.48 0.72 31.6 

AQ500-CMC-30 3.90 0.64 0.80 32.9 
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Interestingly, although the presence of water, it is possible to notice that 

even for conditioned composites the introduction of CMC is still able to 

promote the stabilization of each matrix with a proportional enhancement of 

both the storage and loss moduli as CMC loading increases. The viscoelastic 

behavior of wet Paraloid based composites is practically similar to that of 

corresponding dried samples. The tanδ of PB72/CMC dry and wet samples 

decreases with increasing of filler content. For Aquazol 200 and 500 in 

Figure IV-26c and IV-27c two peaks of tanδ are visible. The first peak 

centered at about 30 °C is related to wet samples while the second one 

centered at about 90 °C corresponds to dried polymers. In fact, being at a 

temperature close to that of the water evaporation, the two Aquazol 

composites lose their moisture content. Considering the first one, the loss 

factor of Aquazol wet formulations increases proportionally to the CMC 

amount, underling the dependency of tanδ on the humidity content of 

samples. In particular, AQ200/CMC wet composites show the highest 

increase of tanδ in comparison to AQ500/CMC ones. The glass transition 

temperature of wet PB72 composites at elevated filler amounts, evaluated in 

correspondence to the E" peak, shows a slight decrease due to the presence 

of moisture. A slight increase of Tg is observed for Aquazol samples. As 

reported in Table IV-8 the linear thermal expansion coefficient of the three 

matrices decreases proportionally to the CMC content in the glassy and in 

the rubbery state, regardless of the presence of moisture in materials. It is 

interesting to observe how the plasticizing effect promoted by the sorbed 

water is largely overcompensated by the stiffening action due to the 

microfiller addition.  
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Table IV- 8. Coefficient of linear thermal expansion values calculated in the glassy 
(CLTEg) and in the rubbery (CLTEr) states under wet conditions. 

Sample 
CLTEg 

(K-1) 

CLTEr 

(K-1) 

PB72 8.0E-05 4.9E-03 

PB72-CMC-5 7.3E-05 5.1E-03 

PB72-CMC-30 5.8E-05 3.4E-03 

AQ200 10.2E-05 3.8E-04 

AQ200-CMC-5 9.4E-05 3.7E-04 

AQ200-CMC-30 7.7E-05 3.4E-04 

AQ500 10.1E-05 4.5E-04 

AQ500-CMC-5 9.2E-05 4.3E-04 

AQ500-CMC-30 6.5E-05 4.1E-04 

 

In order to better appreciate the viscoelastic response of CMC composites 

under different environmental conditions, the comparison between dried and 

conditioned samples of Paraloid and the two Aquazol is described in Figure 

IV-28(a-f) and IV-29(a-f), showing the relative DMTA properties trends (i.e. 

normalized over the value corresponding to neat polymer matrices) as a 

function of the CMC loading. 

(a) (b) 
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(c) (d) 

  

(e) (f) 

  

Figure IV- 28. Relative DMTA properties. Comparison between dried and conditioned 
PB72 composites:(a) Storage modulus, (b) loss modulus, (c) loss factor (d) glass 

transition temperature and (e-f) coefficient of linear thermal expansion below and above 
Tg. 

(a) (b) 
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(c) (d) 

 

(e) (f) 

Figure IV- 29. Relative DMTA properties. Comparison between dried and conditioned 
Aquazol composites:(a) Storage modulus, (b) loss modulus, (c) loss factor (d) glass 

transition temperature and (e-f) coefficient of linear thermal expansion below and above 
Tg. 

 

Paraloid B72 filled samples are not significantly affected by the presence of 

moisture. In fact dried and wet Paraloid show a similar viscoelastic behavior 

after the CMC introduction, except for the Tg trend that under conditioning 

slightly decreases with increasing of the CMC content. While dried PB72 

composites report an increase of this property.   Remarkable, the increase of 

the elastic and the viscous part of the viscoelastic response (storage and loss 

moduli) of wet Aquazol formulations is more pronounced than that 

registered by dried samples. The loss tangent of AQ200/500 conditioned 
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samples shows an opposite trend in comparison to dried formulations, with 

tanδ that increases proportionally to the filler content instead to decrease as 

seen for dried compositions. There is no relevant effect due to the synergistic 

presence of water and CMC on the glass transition temperatures of neat 

polyamides. As reported in Figure IV-29(e-f), the linear thermal expansion 

coefficient of all matrices decreases proportionally to the CMC content in 

the glassy and in the rubbery state. Moreover, dried composites report a 

more significant reduction of this property. It is possible to conclude that the 

stabilizing effect provided by CMC does not markedly depend on the 

moisture content. Actually in the case of Aquazol the water molecules 

probably improve the low polymer-filler interfacial adhesion, filling the 

interface voids between matrix and CMC flakes and thus allow a better 

reinforcing action of microcellulose.   

4.1.3.2 Quasi-statc tensile tests 

 

Representative stress/strain (σ/ε) curves obtained from quasi-static tensile 

tests of unfilled and filled Paraloid and Aquazol composites in the dry state 

are reported in Figure IV-30(a-c), while in Table IV-9 the most important 

parameters obtainable from these curves are summarized (i.e. elastic 

modulus E, stress at break σB, strain at break εB and tensile energy at break 

TEB). 
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(a) (b) 

  

(c)  

 

Figure IV- 30. Representative stress-strain curves of neat matrices and corresponding 
composites in the dry state. (a) Paraloid B72, (b) Aquazol 200 and (c) Aquazol 500. 
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Table IV- 9. Tensile properties of neat matrices and resulting composites in the dry state. 

Sample 
E 

(GPa) 

σB 

(MPa) 

εB 

(%) 

TEB 

(MJ·m-3) 

PB72 1.54 ± 0.08 23.01 ± 1.51 3.46 ± 0.19 0.44 ± 0.08 

PB72-CMC-5 1.49 ± 0.22 21.22 ± 2.37 2.28 ± 0.43 0.34 ± 0.11 

PB72-CMC-10 1.75 ± 0.21 23.14 ± 2.09 2.98 ± 0.31 0.48 ± 0.06 

PB72-CMC-20 2.57 ± 0.30 23.80 ± 2.27 2.14 ± 0.28 0.28 ± 0.07 

PB72-CMC-30 3.32 ± 0.40 26.02 ± 2.44 2.09 ± 0.33 0.35 ± 0.09 

AQ200 3.05 ± 0.15 52.26 ± 5.34 3.26 ± 0.27 1.13 ± 0.38 

AQ200-CMC-5 3.23 ± 0.33 29.07 ± 3.11 2.21 ± 0.22 0.43 ± 0.04 

AQ200-CMC-10 3.61 ± 0.26 29.23 ± 1.21 1.84 ± 0.06 0.32 ± 0.06 

AQ200-CMC-20 3.99 ± 0.44 34.77 ± 1.33 1.93 ± 0.06 0.35 ± 0.03 

AQ200-CMC-30 4.22 ± 0.30 40.16 ± 1.56 2.07 ± 0.09 0.43 ± 0.04 

AQ500 3.33 ± 0.44 59.80 ± 1.45 4.55 ± 0.11 1.44 ± 0.15 

AQ500-CMC-5 3.47 ± 0.10 47.88 ± 2.99 3.84 ± 0.32 0.99 ± 0.18 

AQ500-CMC-10 3.96 ± 0.24 45.23 ± 0.92 3.29 ± 0.46 0.86 ± 0.19 

AQ500-CMC-20 4.1 ± 0.18 42.95 ± 2.94 2.51 ± 0.26 0.52 ± 0.09 

AQ500-CMC-30 4.50 ± 0.63 52.05± 2.57 2.77 ± 0.28 0.84 ± 0.02 

 

All formulations under dry conditions exhibit a fracture behavior typical of 

brittle materials with a limited plastic deformation fraction before failure.  

The reinforcing action of CMC is clearly visible in the systematic increase 

of the elastic modulus (E) with increasing of the filler loading reported by all 

microcomposites. In order to better understand the elastic properties of 

examined samples, a modeling of the experimental elastic modulus data was 

attempted. Elastic modulus data were fitted by using an empirical model 

traditionally used for composites with short fibers randomly oriented in a 

plane [128]. According to Equation (11), the tensile modulus of 2D 
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randomly oriented fibers composites (EC) can be related to the elastic moduli 

of ideal composites having the same volume fraction of fibers perfectly 

aligned (EL) or transversally oriented (ET) to the loading axis: 

TLC EEE
8

5

8

3
+=           (14) 

The moduli (EL, ET) can be calculated by using Halpin-Tsai model [129] 

according to the following equations: 
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where L/D is the aspect ratio of the fibers, Φ is the volume fraction of the 

fibers, and EF and EM are the fibers and matrix moduli, respectively. The 

comparison between the experimental values of elastic moduli of Paraloid, 

Aquazol 200 and 500 based composites under investigation and the values 

predicted according to eqn 14 is represented in Figure IV-31(a-c). Two 

theoretical predictions were considered, by using two different CMC elastic 
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modulus values. The first one (i.e. 9.2 GPa) was determined by Hancock et 

al. through micromechanical tests [130], while the second one (i.e. 25 GPa) 

was estimated by Eichorn et al. through Raman spectroscopy [131]. 

(a) (b) 

  

(c)  

 

Figure IV- 31. Elastic modulus trends, with theoretical predictions according to Equation 
(14) (full lines). (a) Paraloid B72, (b) Aquazol 200 and (c) Aquazol 500. 

 

Considering standard deviation values, between the two proposed models, 

that one calculated with an elastic modulus of CMC flakes equal to about 25 

GPa is able to satisfactorily fit experimental data of all three matrices.  
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Other important evidences from tensile tests are presented in Table IV-9. For 

PB72 samples, the stress at break (σB) is not substantially affected by CMC 

flakes, while strain at break (εB) is slightly reduced. This εB reduction 

induces the light decrease of the specific tensile energy to break (TEB) 

values as the filler increases. For both Aquazol matrices, a significant 

embrittling effect due to the CMC introduction can be detected under dry 

state with a decrease of σB, εB and consequently of the specific tensile 

energy to break. This phenomenon is more evident at lowest amounts of 

CMC.  

Tensile test were even conducted on conditioned samples of Paraloid and 

Aquazol composites (T= 23°C and RH= 55%). Formulations with 5 wt% 

and 30 wt% of CMC that showed the best mechanical results under dry 

conditions were examined. Figure IV-32(a-c) shows representative 

stress/strain curves of conditioned microcomposites samples.  

 

(a) (b) 

 
 

 

 

 

 

 



 
 

Results and Discussion 

 

 

119 

(c) 

 

Figure IV- 32. Representative stress-strain curves of neat matrices and corresponding 
composites in the conditioned state. (a) Paraloid B72, (b) Aquazol 200 and (c) Aquazol 

500. 

  

If Paraloid, as already seen in DMTA analysis, does not show a relevant 

difference in its mechanical response in presence of moisture, Aquazol 200 

and 500 modify their mechanical response from brittle to ductile after 

conditioning. As one can see in Figure IV-31 (b-c) the plastic deformation 

fraction is much higher than that observed for dried samples. In Table IV-10 

the main tensile results obtained from Paraloid based microcomposites are 

reported.  

Table IV- 10. Tensile properties of neat Paraloid and its resulting composites in the 
conditioned state. 

Sample 
E 

(GPa) 

σB 

(MPa) 

εB 

(%) 

TEB 

(MJ·m-3) 

PB72 1.65 ± 0.06  23.53 ± 0.39  2.49 ± 0.11  0.35 ± 0.02 

PB72-CMC-5 1.71 ± 0.06  24.60 ± 0.38  2.78 ± 0.01  0.37 ± 0.02 

PB72-CMC-30 3.13 ± 0.09  35.82 ± 1.88  2.50 ± 0.13  0.52 ± 0.07 
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For conditioned PB72 samples a noticeable increase of σB can be observed. 

Moreover, εB is not affected by CMC and an increase of TEB as the filler 

loading increases is detected. For instance, a TEB enhancement of 20% in 

comparison to the neat PB72 matrix was registered for PB72-CMC-30 

samples. In Table IV-11 the ultimate tensile properties of wet Aquazol based 

microcomposites are summarized. Since AQ200 and AQ500 samples after 

conditioning show a rubber-like behavior, a secant elastic modulus at 10% 

strain was determined. 

Table IV- 11. Tensile properties of neat Aquazol and resulting composites in the 
conditioned state. 

Sample 
E10%ε 

(GPa) 

σB 

(MPa) 

εB 

(%) 

TEB 

(MJ·m-3) 

AQ200 4.56 ± 0.06 1.86 ± 0.13 861.22 ± 27.75 9.46 ± 0.21 

AQ200-CMC-5 5.79 ± 0.14 2.44 ± 0.06 846.31 ± 25.54 12.75 ± 0.54 

AQ200-CMC-30 14.59 ± 0.79 3.77 ± 0.18 426.04 ± 20.70 12.18 ± 0.38 

AQ500 11.56 ± 0.20 3.90 ± 0.21 724.14 ± 29.48 17.80 ± 0.68 

AQ500-CMC-5 14.31 ± 0.70 4.13 ± 0.09 646.00 ± 14.42 17.01 ± 0.18 

AQ500-CMC-30 38.68 ± 1.44 5.90± 0.10 276.47 ± 8.57 13.65 ± 0.20 

 

A progressive increment of the stiffness and the strength at break values of 

all Aquazol formulations can be detected with the increase of both E and σB 

as the filler loading increases. Although the systematic reduction of εB due to 

the increase of CMC amount, no negative effect on the toughness of these 

composites is observed for AQ200 filled samples, while AQ500-CMC-30 

composites report a decrease of TEB of about 20% in comparison to their 

neat matrix. A direct comparison between the relative parameters (i.e. 

normalized over the value corresponding to neat polymer matrices) detected 
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from tensile test of dried and conditioned microcomposites is illustrated in 

Figure IV-33(a-d) for Paraloid and IV-34(a-d) for the two Aquazol. 

(a) (b) 

 

(c) (d) 

 

Figure IV- 33. Comparison between relative tensile properties of dried and wet Paraloid 
composites: (a) elastic modulus, (b) stress at break, (c) strain at break and (d) tensile 

energy to break. 

 

Considering standard deviation values associated to these measurements, it 

is possible to affirm that elastic modulus trends of Paraloid formulations in 

dry and wet states are similar. While, in presence of moisture, CMC mainly 

acts as a reinforcement producing the enhancement of  σB  and a slight 

increase of εB and consequently the increase of TEB values. 
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(a) (b) 

  

(c) (d) 

  

Figure IV- 34. Comparison between relative tensile properties of dried and wet Aquazol 
composites: (a) elastic modulus, (b) stress at break, (c) strain at break and (d) tensile 

energy to break. 
 

For Aquazol, as clearly shown in Figure IV-34(a-d), the increase of the 

elastic modulus with the filler loading can be observed for all samples in 

both dry and conditioned state, but relative values of wet samples are much 

higher than dried ones. For the two polymeric matrices, dried samples 

exhibit an embrittling effect due to the CMC introduction with a decrease of 

tensile strength and ultimate strain and consequently of the tensile toughness 

(TEB). On the other hand, wet samples do not present this drawback. In fact, 

the increase of the σB proportional to the CMC content avoids the drop in 

TEB values. Conditioned AQ200 based composites present a remarkable 
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increase of TEB. For instance, AQ200-CMC-30w manifests an increment of 

σB and TEB values of about 100% and 35%, respectively, in comparison to 

the neat matrix. It is therefore confirmed the reinforcing and stabilizing 

effect of this natural microfiller on the investigated polymer matrices under a 

humidity level typical of artwork conservation.  

On the basis of the collected results it can be concluded that the concurrent 

action of a natural reinforcing microfiller as CMC and a limited moisture 

content leads to a mechanical improvement of filled materials showing 

better mechanical performance than dried matrices. This demonstrates how 

CMC has a predominant role on the mechanical response of PB72 and 

AQ200-500 over the action of water absorbed by these materials under 

standard hydro-thermal service conditions. 

4.1.3.3 Plane-strain fracture toughness and strain energy release 

tests 

 

In the light of tensile results, formulations with the lowest and the highest 

amounts of CMC were selected for a deeper investigation of their fracture 

behavior, based on the determination of linear elastic fracture parameters: 

critical stress intensity factor KIC, and critical strain energy release rate GIC. 

Dried samples were tested. In Figure IV-35(a-c) representative load-

displacement (P/u) curves obtained from flexural tests on SENB samples are 

reported, while in Table IV-12 KIC and GIC values are listed. 
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(a) (b) 

(c)  

 

Figure IV- 35. Representative load-displacement curves of neat matrices and resulting 
composites from flexural test for the determination of KIC and GIC of (a) Paraloid B72, (b) 

Aquazol 200 and (c) Aquazol 500. 
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Table IV- 12. Critical stress intensity factor KIC, and critical strain energy release rate GIC 
values of neat matrices and resulting composites. 

Sample 
KIC 

(MPa·m1/2) 

GIC 

(kJ·m-2) 

PB72 0.55 ± 0.03 0.12 ± 0.01 

PB72-CMC-5 0.59 ± 0.02 0.16 ± 0.02 

PB72-CMC-30 0.99 ± 0.03 0.31 ± 0.02 

AQ200 1.16 ± 0.08 0.44 ± 0.04 

AQ200-CMC-5 1.45 ± 0.24 0.84 ± 0.03 

AQ200-CMC-30 1.31 ± 0.04 0.43 ± 0.04 

AQ500 2.22 ± 0.22 1.40 ± 0.13 

AQ500-CMC-5 1.82 ± 0.09 1.03 ± 0.19 

AQ500-CMC-30 1.83 ± 0.14 0.55 ± 00.6 

 

It is interesting to note that for Paraloid composites both fracture toughness 

parameters are noticeably increased upon CMC addition: KIC rises from 0.55 

MPa·m1/2 for the neat matrix to 0.99 MPa·m1/2 for PB72-CMC-30 samples, 

while, GIC value passes from 0. 1 to 0. 3 kJ·m-2. Therefore, even if quasi-

static tensile tests evidence a slight reduction of TEB values, CMC 

introduction determines a substantial improvement of the fracture resistance 

of this material. In quasi-static tensile tests the presence of CMC 

microparticles could be responsible of the stress concentration and the crack 

nucleation, while, when a notch is already present on the sample the 

embrittling effect due to CMC is not effective and other mechanisms can be 

responsible of the toughening effect encountered for filled samples. It could 

be tentatively hypothesized that the presence of CMC flakes modify the 

crack propagation path, with positive effects on the fracture toughness of 

PB72. For Aquazol formulations no significant change in KIC and GIC are 
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determined except for AQ500 samples that register a decrease of GIC as the 

filler loading increases. These results confirm the evidences already seen in 

ESEM micrographs of cryofractured surfaces of neat matrices and 

corresponding CMC composites (Figure IV-(2-4)) where only Paraloid filled 

samples exhibit an increase of the surface roughness.  

4.1.3.4 Creep tests 

 

In order to investigate the dimensional stability of all examined polymers 

after the addition of CMC flakes, creep tests were carried out on dried and 

conditioned samples. In Figure IV-36(a-c) representative creep compliance 

(D) curves of Paraloid and Aquazol microcomposites in the dry state are 

reported. In Figure IV-37(a-c) representative creep compliance curves of 

Paraloid and Aquazol conditioned microcomposites with the lowest and 

highest amounts of CMC are shown. 

 

(a) (b) 
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(c) 

 

Figure IV- 36. Representative creep compliance curves of neat matrices and resulting 
composites in the dry state. (a) Paraloid B72, (b) Aquazol 200 and (c) Aquazol 500. 

(a) (b) 

  

(c)  

 

Figure IV- 37. Representative creep compliance curves of neat matrices and resulting 
composites in the conditioned state. (a) Paraloid B72, (b) Aquazol 200 and (c) Aquazol 

500. 

 



 
 

Results and Discussion 

 

 

128 

Creep tests verify the stabilization induced by CMC addition on polymers, 

with a remarkable and progressive reduction of creep compliance values 

regardless of matrices and the moisture content, especially for long creep 

times (3600 s). From the direct comparison between relative creep 

compliance values (normalized over the value corresponding to neat 

polymer matrices) at 3600 s of dried and wet samples (Figure IV-38(a-b)) it 

is interesting to note that PB72/CMC samples register a higher reduction of 

D in the dry state because of the light plasticizing action of moisture content. 

While, although the presence of water, it can be affirmed that dried and 

conditioned samples of both Aquazol have similar D values as a function of 

CMC amounts.  

(a) (b) 

  

Figure IV- 38. Comparison of relative creep compliance values at 3600 s between dried 
and wet samples. (a) Paraloid B72, (b) Aquazol 200 and 500. 

 

These results are particularly promising for Aquazol resins that being very 

hygroscopic materials even at low humidity levels (i.e. 55%) can turn into 

highly flexible films losing their dimensional stability and mechanical 

resistance. This aspect could play a positive role for those applications 

where a good dimensional stability of the adhesive resin is required (i.e. 

lining of oil painting canvas under constant long-lasting stress conditions). 
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4.2 Characterization of nanocomposites 

All tests presented in this section were performed on nanocomposites films 

of Aquazol 500 filled with cellulose nanocrystals CNC, under dry 

conditions. CNC amounts of 5, 10 and 30 wt% were used. The same 

characterization was carried out on microcomposites films of the same 

polyamide filled with cellulose microcrystals CMC. In this way the 

comparison between micro- and nanocomposites obtained by solution 

mixing method was investigated. 

4.2.1 Microstructural characterization 

4.2.1.1 FESEM observations 

 

The dispersion degree of cellulose nanocrystals within the matrix was 

evaluated trough FESEM observations of cryofractured surfaces of the neat 

matrix and the corresponding composites. FESEM images of AQ500 and 

resulting composites with 5-10 and 30 wt% of CNC are showed in Figure 

IV-39(a-d).  

 

(a) 
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(b) 

 

(c) 

 

(d) 

 

Figure IV- 39. FESEM images of cryofractured surfaces of (a) neat Aquazol 500 matrix 
and (b-d) resulting composites with 5wt%, 10wt% and 30wt% of CNC, respectively. 
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For all CNC composites it is not possible to detect any agglomeration of 

nanoparticles. Actually, Figure IV-40, reporting an enlargement of the 

cryofractured surface of AQ500-CNC-30 sample, verifies this evidence.  

 

Figure IV- 40. FESEM image at higher magnification of the cryofractured surface of 
Aquazol 500 filled with 30 wt% of CNC 

In fact, CNCs are homogeneously dispersed within the matrix even at 

highest amount of filler, without noticeable aggregates. Thanks to the image 

analysis software Jimage®, the size of these particles was determined. CNCs 

have a length between 100 - 500 nm and a width from 10 to 50 nm, similar 

to their initial size. The slight increase of their width could be related to the 

resolution limit of FESEM microscope that was not able to reach higher 

magnifications. This confirms the good stability of cellulose nanocrystals 

into aqueous polymeric solutions.  

4.2.1.1.1 Comparison between micro- and nanocomposites 

 

In Figure IV-41(a-d) FESEM images of neat AQ500 and microcomposites 

with 5-10 and 30 wt% of CMC are reported.  



 
 

Results and Discussion 

 

 

132 

(a) 

 

(b) 

 

(c) 
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(d) 

 

Figure IV- 41. FESEM images of cryofractured surfaces of (a) neat Aquazol 500 matrix 
and (b-d) resulting composites with 5wt%, 10wt% and 30wt% of CMC, respectively. 

 

CMC filled samples with lower filler amounts show how microcellulose 

particles are uniformly dispersed into the films without any preferential 

orientation and any significant agglomeration phenomena. In the enlarged 

pictures of each microcomposites section it is possible to recognize single 

flakes of CMC with an average size of 20 µm. For samples filled with 30 

wt% of CMC a deposit phenomenon of the microfiller is noticed, probably 

occurred during the solvent clearing, evidencing that 30 wt% of CMC for 

this kind of composite processing is a critical amount and leads to the 

accumulation of CMCs at the bottom size of samples. 

4.2.1.2 Differential scanning calorimetry (DSC) 

 

In Figures IV-42(a-b) DSC thermograms of the neat matrix and relative 

CNC composites collected during the first and the second heating stage are 

reported. In Table IV-13 glass transition temperatures of nanocomposites 

collected during heating and cooling stages are summarized.  
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(a) (b) 

  

Figure IV- 42. DSC thermograms of neat AQ500 and corresponding nanocomposites. (a) 
First heating stage, (b) second heating stage. 

 

All formulations report a systematic increase of the glass transition 

temperature Tg as the CNC amounts increases, in all stages. 

 

Table IV- 13. Glass transition temperature (Tg) of neat AQ500 and relative 
nanocomposites from DSC tests.  

 Tg °C 

Sample First 

heating 

Cooling Second 

heating 

AQ500 44.1 45.6 55.7 

AQ500-CNC-5 55.4 50.5 59.4 

AQ500-CNC-10 56.5 51.4 59.0 

AQ500-CNC-30 57.1 51.9 61.3 

 

4.2.1.2.1 Comparison between micro- and nanocomposites 

 

In Figures IV-43(a-b) DSC thermograms of the neat matrix and relative 

CMC composites collected during the first and the second heating stages are 
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shown. In Table IV-14 glass transition temperatures of microcomposites 

collected during heating and cooling stages are listed. 

 

(a) (b) 

  
Figure IV- 43. DSC thermograms of neat AQ500 and corresponding microcomposites. (a) 

First heating stage, (b) second heating stage. 

 

Table IV- 14. Glass transition temperature (Tg) of neat AQ500 and relative 
microcomposites from DSC tests.  

 Tg °C 

Sample First 

heating 

Cooling Second 

heating 

AQ500 44.1 45.6 55.7 

AQ500-CMC-5 44.4 50.5 62.2 

AQ500-CMC-10 45.4 51.4 61.7 

AQ500-CMC-30 44.8 51.9 62.0 

 

 

All CMC formulations exhibit an increase of the glass transition temperature 

only in the second heating stage. The direct comparison between relative Tg 

trends of CMC and CNC composites (i.e. normalized over the value 

corresponding to the neat polymer matrix) as a function of the filler loading 
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is represented in Figure IV-44(a-b). One can notice how the nanosize of 

CNC makes it more able to interact with polymeric chains of AQ500 and 

modify their mobility with respect to CMCs. In fact AQ500/CNC samples in 

the first heating scan reach Tg values around 10 degrees higher than that of 

the neat matrix, while CMC does not practically affect the glass transition 

temperature of AQ500. On the other hand, the nanosize of CNC makes this 

filler more sensitive to the polymeric chains re-organization due to the 

second heating treatment that reduces the Tg increase seen in the first scan. 

In the second stage AQ500/CMC composites present the highest 

enhancement of Tg. 

(a) (b) 

Figure IV- 44. Relative glass transition temperature (Tg) trends of Aquazol 500 based 
CMC and CNC composites. (a-b) First and second heating stage. 

 

4.2.1.3 Thermogravimetric analysis (TGA) 

 

TGA thermograms and derivative of the mass loss curves of AQ500 and 

corresponding nanocomposites are reported in Figure IV-45(a-b). The most 

important parameters regarding the thermal stability of the investigated 

materials are summarized in Table IV-15. 
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(a) (b) 

  

Figure IV- 45. TGA thermograms of neat AQ500 and resulting nanocomposites. 
(a)Residual mass as a function of temperature, (b) derivative of the mass loss. 

 

Table IV- 15. Results of TGA tests on neat AQ500 and resulting nanocomposites. 

Sample Tonset 

(°C) 

Tmax 

(°C) 

Residual mass 

at 700 °C (%) 

AQ500 364 416 -- 

AQ500-CNC-5 271 410 -- 

AQ500-CNC-10 238 409 1.10 

AQ500-CNC-30 198 367 4.45 

 

It is evident a pronounced shift of the onset temperatures of nanocomposites 

towards lower values as the filler loading increases. This may be related to 

the hemicellulose and α-cellulose decomposition that anticipates the 

degradation step of nanocellulose typically centered at around 350 °C [132, 

133]. Although the thermal stability of CNC is lower than the pure matrix, 

with a range of degradation temperatures between 250 and 400 °C [134], all 

compositions with 5 wt% and 10 wt% of nanofiller show only a slight 

decrease of the maximum degradation temperature TMAX, while samples 

with the highest amount of CNC show a reduction of about 10% of this 

property. This underlines that a CNC amount of 30 wt% is quite critical for 
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the matrix in terms of degradation resistance. In particular, at the highest 

content of nanocellulose the TMAX of AQ500 moves towards the CNC main 

degradation temperature because of the stronger influence of this filler on 

the neat matrix. Moreover, the residual mass at 700 °C increases 

proportionally to the filler content in all formulations. As well known in 

literature, sulfate groups, present on the surface of CNCs, allow the 

formation of a ceramized surface layer on the samples that may act as a 

flame retardant, impeding the complete combustion and vaporization of the 

matrix [135]. 

4.2.1.3.1 Comparison between micro- and nanocomposites 

 

In Figures IV-46(a-b) TGA thermograms and derivative of the mass loss 

curves of the neat AQ500 and relative CMC composites are presented. In 

Table IV-16 the most important parameters regarding the thermal stability of 

microcomposites are collected. 

(a) (b) 

Figure IV- 46. TGA thermograms of neat AQ500 and resulting microcomposites. 
(a)Residual mass as a function of temperature, (b) derivative of the mass loss. 
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Table IV- 16. Results of TGA tests on neat AQ500 and resulting microcomposites. 

Sample Tonset 

(°C) 

Tmax 

(°C) 

Residual mass 

at 700 °C (%) 

AQ500 364 416 -- 

AQ500-CMC-5 313 418 -- 

AQ500-CMC-10 276 405 0.30 

AQ500-CMC-30 267 403 3.91 

 

CMC filled formulations register a progressive decrease of the onset 

temperature as the filler content increases due to the lower thermal stability 

of the microcellulose with respect to AQ500 (Table IV-2). Also the decrease 

of the matrix thermal stability, evident in the reduction of the maximum 

degradation temperature, TMAX, is observed since the 10 wt% of CMC. The 

presence of a char enriched surface layer on CMC samples produces a 

residual mass at 700 °C that increases proportionally to the filler content for 

all microcomposites. Figure IV-47(a-b) reports the relative Tonset and Tmax 

trends of CMC and CNC composites (i.e. normalized over the value 

corresponding to the neat matrix) as a function of the filler loading. 

(a) 
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(b) 

 

Figure IV- 47. Relative TGA properties trends of Aquazol 500 CMC and CNC composites 
(a) Temperature associated to the beginning of the degradation (Tonset), (b) temperature 

associated to the maximum mass loss rate (Tmax). 

 

A more relevant shift of the AQ500 onset temperature towards lower values 

(upon around 45% less) is shown by all CNC filled films as the filler loading 

increases. At the highest filler concentration, AQ500/CNC composites 

register the most relevant fall in thermal stability of about 10% in 

comparison to the unfilled samples. 

4.2.2 Physical characterization 

Aquazol 500 has been introduced as adhesive in the conservation of oil 

paintings, and other art objects, even for its elevated transparency. The 

addition of a filler in a polymeric matrix can impair its optical features. For 

this reason the assessment of the transparency degree of AQ500 based 

micro- and nanocomposites was conducted. 

4.2.2.1 Optical transparency assessment  

 

In Figure IV-48 optical pictures of thin films of neat matrix and its relative 

nanocomposites with 5, 10 and 30 wt% of CNC are presented.  
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(a) 

 

(b) 

 

Figure IV- 48. Optical images of thin composite films showing the effect of the addition 
of 5, 10 and 30 wt% of (a) CNC, (b) CMC on the optical properties of Aquazol 500. 

 

Remarkable, CNC has no effect on the optical aspect of the neat polymer 

even at high filler amounts. All observed CNC filled films are transparent 

and do not exhibit any chromatic variation as well. After the introduction of 

CMC, AQ500 shows a chromatic change, passing from a colorless material 



 
 

Results and Discussion 

 

 

142 

to light yellow/brown one proportionally to the CMC loading, as already 

seen for melt-compounded microcomposites (Figure IV-17). 

4.2.2.2 UV-vis spectroscopy analysis 

 

In Figure IV-49 relative transmittance (T) spectra of pure AQ500 and 

corresponding CNC composites are reported. The introduction of CNCs 

even at highest filler amounts has no significant effect on the transmittance 

of the neat adhesive, especially, in the visible wavelengths interval (400-800 

nm). Also after the addition of 30 wt% of nanocellulose, AQ500 maintains 

its initial T values. 

 

Figure IV- 49. Relative transparency (T) spectra of neat AQ500 and 
resulting nanocomposites. 

 

4.2.2.2.1 Comparison between micro- and nanocomposites 

 

In Figure IV-50 relative transmittance (T) spectra of AQ500 and 

corresponding CMC composites are shown. 
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Figure IV- 50. Relative transparency (T) spectra of neat AQ500 and 
resulting microcomposites. 

 

The presence of CMC produces a reduction of T since the lowest amount of 

filler. The direct comparison between relative T trends (i.e. normalized over 

the value corresponding to the neat polymer) of CMC and CNC composites 

as a function of filler content, evaluated in the visible wavelengths range is 

reported in Figure IV-51.  

 

 

Figure IV- 51. Relative transparency values in the visible wavelengths range as function 
of the filler content of CMC and CNC composites. 
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Through Figure IV-51 one can appreciate better the advantage of the use of 

CNC instead of CMC as filler. In fact, if CMC introduction leads to a drop 

in T up to about 60% for AQ500 filled with 5-10 wt%, reaching the 90% 

less of transmittance with samples at 30 wt% of microcellulose in 

comparison to the unfilled polyamide, T values of CNC composites remains 

unvaried regardless of the filler content. 

4.2.3 Mechanical characterization 

4.2.3.1 Dynamic mechanical thermal analysis (DMTA) 

 

The storage modulus (E'), loss modulus (E") and tanδ curves of the neat 

matrix and corresponding CNC composites in the dry state, obtained from 

DMTA analysis, are reported in Figure IV-52(a-c). In Table IV-17 the 

viscoelastic properties of AQ500/CNC formulations are shown. 

 

(a) (b) 
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(c) 

 
Figure IV- 52. DMTA thermograms of neat AQ500 and resulting nanocomposites (f = 1 

Hz).  (a) Storage modulus E', (b) loss modulus E", (c) loss factor tanδ. 

 

Table IV- 17. Results of DMTA tests on neat AQ500 and resulting nanocomposites. 

Sample 
E' at 25°C 

(GPa) 

E" 

peak value 

(GPa) 

 tanδ 

peak value 

Tg from 

E" 

(°C) 

AQ500 1.86 0.41 3.21 72.0 

AQ500-CNC-5 3.06 0.70 2.23 74.7 

AQ500-CNC-10 3.72 0.82 1.88 77.1 

AQ500-CNC-30 6.86 1.33 0.78 82.6 

 

CNC promotes a remarkable increase of both the storage and the loss moduli 

(E' and E") proportionally to the filler content. Formulations with 30 wt% of 

CNC register a value of E' around three times higher than that reported by 

the neat matrix. Correspondingly, loss factor (tanδ) values decrease as the 

filler amount increases. Another action of CNCs on AQ500 is the 

progressive enhancement of its glass transition temperature Tg, determined 

from the shift of the E" peak towards higher temperatures. In particular, 

samples with the highest amount of CNC have a Tg increase of about 10 
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degrees. In Figure IV-53(a-b) thermal strain curves of AQ500 composites, 

used for the determination of the coefficient of liner thermal expansion 

(CLTE) are shown. CLTE values below and above Tg of all nanocomposites 

are listed in Table IV-18. 

(a) (b) 

 

Figure IV- 53. Thermal strain curves of AQ500/CNC composites. (a) Below Tg, between 0 
°C and 40 °C, (b) above Tg, between 70 °C and 80 °C. 

  

Table IV- 18.  Coefficient of linear thermal expansion values of nanocomposites 
calculated in the glassy (CLTEg) and in the rubbery (CLTEr) states. 

Sample 
CLTEg 

(K-1) 

CLTEr 

(K-1) 

AQ500 8.9E-05 8.7E-03 

AQ500-CNC-5 5.9E-05 4.2E-03 

AQ500-CNC-10 3.9E-05 3.5E-03 

AQ500-CNC-30 1.0E-05 3.3E-04 

 

CNC produces the enhancement of the dimensional stability of the neat 

matrix with the progressive reduction of both coefficients of linear thermal 

expansion (CLTE) below and above Tg as the filler content increases. 
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4.2.3.1.1 Comparison between micro- and nanocomposites 

 

The storage modulus (E'), loss modulus (E") and tanδ curves of neat AQ500 

and corresponding CMC composites in the dry state are reported in Figure 

IV-54(a-c). In Table IV-19 the viscoelastic properties of AQ500/CMC 

formulations are listed. 

(a) (b) 

  

(c)  

 

Figure IV- 54. DMTA thermograms of neat AQ500 and resulting microcomposites (f = 1 
Hz).  (a) Storage modulus E', (b) loss modulus E", (c) loss factor tanδ. 
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Table IV- 19. Results of DMTA tests on neat AQ500 and resulting microcomposites. 

Sample 
E' at 25°C 

(GPa) 

E" 

peak value 

(GPa) 

 tanδ 

peak value 

Tg from 

E" 

(°C) 

AQ500 1.86 0.41 3.21 72.0 

AQ500-CMC-5 2.53 0.53 2.16 69.1 

AQ500-CMC-10 3.55 0.69 1.81 68.9 

AQ500-CMC-30 4.60 0.96 0.84 68.9 

 

Both storage and loss moduli (E' and E") are proportionally increased thanks 

to the presence of CMC. AQ500-CMC-30 samples register an E' value about 

two times higher than that of the neat matrix. Correspondingly, loss factor 

(tan δ), values decrease as the filler amount increases, confirming that the 

positive contribution of the CMC addition on the E' is higher than the E" 

enhancement see (Table IV-5). For CMC compositions no significant effect 

on the AQ500 Tg is detected. In Figure IV-55(a-b) thermal strain curves of 

AQ500 microcomposites, used for the determination of the coefficient of 

liner thermal expansion (CLTE) are shown. CLTE values below and above 

Tg of all CMC composites are collected in Table IV-20. 

(a) 

 

 



 
 

Results and Discussion 

 

 

149 

(b) 

 

Figure IV- 55. Thermal strain curves of AQ500/CMC composites. (a) Below Tg, between 0 
°C and 40 °C, (b) above Tg, between 65 °C and 75 °C. 

 

 
Table IV- 20. Coefficient of linear thermal expansion values of microcomposites 

calculated in the glassy (CLTEg) and in the rubbery (CLTEr) states. 

Sample 
CLTEg 

(K-1) 

CLTEr 

(K-1) 

AQ500 8.9E-05 8.7E-03 

AQ500-CMC-5 9.0E-05 3.9E-03 

AQ500-CMC-10 6.0E-05 3.5E-03 

AQ500-CMC-30 3.5E-05 6.7E-04 

 

CMC is able to gradually reduce the thermal strain of AQ500 and thus leads 

to a proportional decrease of CLTE in both glassy and rubbery states as the 

filler loading increases. The comparison between CNC and CMC 

composites of Aquazol 500 described in Figure IV-56(a-f), show the relative 

DMTA properties trends (i.e. normalized over the value corresponding to the 

neat matrix) as a function of the filler loading. 
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(a) (b) 

  

(c) (d) 

  

(e) (f) 

  

Figure IV- 56. Relative DMTA properties trends. Comparison between CMC and CNC 
composites:(a) Storage modulus, (b) loss modulus, (c) loss factor (d) glass transition 

temperature and (e-f) coefficient of linear thermal expansion below and above Tg. 
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Although both fillers produce similar effects on the stiffness and the 

dimensional stability of the neat AQ500, is evident that CNCs are much 

more powerful than CMC flakes. Formulations with 30 wt% of CNC 

suspensions reach E' values even three times higher than the neat AQ500 

and register a thermal displacement reduction of about 90% with respect to 

CLTE values of microcomposites that are 40% lower than the neat polymer 

(Figure IV-56e). Only CNC is able to modify the Tg of the neat Aquazol 

(Figure IV-56d). 

4.2.3.2 Creep tests 

 

In Figure IV-57 representative creep compliance (D) curves of Aquazol 500 

nanocomposites in the dry state are reported.  

 

 

Figure IV- 57. Representative creep compliance curves of neat Aquazol 500 and resulting 
nanocomposites. 

 

It is clear from Figure IV-57 that creep tests confirm the significant increase 

of the dimensional stability of AQ500 due to the CNC introduction. The 

creep compliance of this polymer decreases with increasing the filler 

content. 
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4.2.3.2.1 Comparison between micro- and nanocomposites 

 

In Figure IV-58 representative creep compliance (D) curves of Aquazol 500 

microcomposites in the dry state are reported.  

 

 

Figure IV- 58. Representative creep compliance curves of neat Aquazol 500 and resulting 
microcomposites. 

 

Also the CMC addition promotes a stabilizing effect on the neat AQ500. In 

fact, all microcomposites exhibit a progressive reduction of the creep 

elongation as the CMC loading increases. In Figure IV-59 the comparison 

between relative D trends (i.e. normalized over the value corresponding to 

the neat polymer) of CMC and CNC composites as a function of the filler 

loading are shown. 
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Figure IV- 59. Relative creep compliance (D) trends. Comparison between CMC and CNC 
composites. 

Again the CNC action on the increment of the creep resistance is more 

pronounced than CMC one. If CMC filled films, after a testing time of 

3600s, can reduce D up to 60% less than the neat matrix value, CNC films 

are able to reach the 90% less. This is a very important result, considering 

the end use of AQ500 in the field of cultural heritage conservation as a 

consolidant/adhesive for oil paintings, which being fixed to a stretcher, are 

subjected to long-lasting constant stresses.  

 

4.3 Consolidation of degraded wood 

A consolidation work has to recover the mechanical properties of damaged 

artworks which because of decay processes are subjected to a mechanical 

performance loss. On the basis of the mechanical improvements of Paraloid 

B72 after the CMC introduction, it was decided to orient the experimental 

formulations with the lowest and the highest amounts of CMC to the 

restoration of decayed wood. Neat and filled Paraloid melt-compounded 

composites with 5 wt% and 30 wt% of CMC were applied as consolidant 

solutions in acetone on two species of historical degraded wood (18th 
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century). The wood types selected for this work are a hardwood Persian 

walnut (Juglans regia) and a softwood European silver fir (Abies alba). The 

two wood samples exhibit different conservation conditions. The Persian 

walnut presents an advanced biological decay with evident holes and tunnels 

made by larval worms that interested also the inner part of the wood. The 

silver fir shows a better conservation degree with larvae holes and galleries 

not so diffused as in the walnut case.  

4.3.1 Brookfield tests 

One of the most important parameter for a successful wood consolidation is 

the level of penetration of the consolidating material into the artwork. In 

fact, these restoration operations involve the substrate of wooden paintings 

or sculptures, therefore, it is very important that the viscosity of consolidant 

polymers is low enough to penetrate into the wood, but not too low to reach 

also the paint film and thus destroying the artwork. Thanks to its optimal 

viscosity, Paraloid B72, in concentration range of 3-10 wt%, is one of the 

most used consolidant resin for wood [18]. In order to assess the possible 

effect of CMC introduction on this property, Brookfield rheological tests on 

neat Paraloid and its resulting CMC composites solutions in acetone were 

carried out. In Figure IV-60 reports the viscosity/angular velocity (η/ω) 

curves of PB72/CMC samples. 
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Figure IV- 60. Brookfield rheological curves of neat Paraloid and CMC composites. 

 

It is worthwhile to observe that, even at the highest amount of CMC, the 

viscosity of the polymer matrix does not change to a significant extent. 

4.3.2 Physical characterization 

Wood samples for physical characterization were dried under vacuum at 105 

°C until the achievement of a constant weight and then conditioned in a 

climatic chamber at a temperature of 23°C and a relative humidity of 65% 

upon a constant weight was reached.  

4.3.2.1 Gravimetric analysis 

 

Figure IV-61(a-b) shows moisture absorption kinetic curves of undamaged 

and damaged walnut and fir wood before and after treatments with pure 

PB72 and PB72/CMC composites. In Table IV-21 the moisture content 

(M%), the oven-dry density (ρ0), the density at 65% of relative humidity 

level (ρ12) and the volumetric swelling (S) are listed.  
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(a) (b) 

  

Figure IV- 61. Moisture absorption kinetic curves of undamaged and damaged wood 
samples untreated and treated with neat Paraloid and CMC-based composites.  

(a) Walnut, (b) Fir. 

 

Table IV- 21. Gravimetric analysis results of undamaged and damaged walnut and fir 
wood samples before and after consolidation with neat PB72 and corresponding CMC 

composites. 

Sample 
M% 

(wt%) 

ρ0 

(g·cm-3) 

ρ12 

(g·cm
-3

) 

S 

(%) 

walnut     

UW 12.23 ± 0.13 0.68 ± 0.01 0.69 ± 0.01 7.82 ± 0.18 

DW 11.20 ± 0.09 0.60 ± 0.01 0.57 ± 0.01 7.29 ± 0.35 

DW-T0 8.27 ± 0.30 0.63 ± 0.01 0.66 ± 0.02 3.43 ± 0.59 

DW-T5 8.46 ± 0.45 0.63 ± 0.02 0.66 ± 0.02 3.69 ± 0.25 

DW-T30 8.98 ± 0.32 0.66 ± 0.02 0.68 ± 0.03 3.60 ± 0.43 

fir     

UW 12.50 ± 0.56 0.36 ± 0.01 0.39 ± 0.01 7.36 ± 0.13 

DW 14.65 ± 0.15 0.35 ± 0.01 0.37 ± 0.01 8.65 ± 0.55 

DW-T0 10.49 ± 0.45 0.40 ± 0.01 0.42 ± 0.01 3.84 ± 0.57 

DW-T5 10.70 ± 0.26 0.39 ± 0.01 0.41 ± 0.01 4.11 ± 0.69 

DW-T30 10.94 ± 0.40 0.42 ± 0.01 0.44 ± 0.02 4.23 ± 0.15 
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Generally speaking, degraded wood tends to absorb more water than modern 

intact wood and the consolidation with Paraloid is able to reduce the 

moisture sorption of the two species of damaged wood [18, 22]. Comparing 

the physical behavior of the two types of decayed wood with their 

corresponding intact modern wood, it is possible to notice that both of them 

manifest a decrease of dry and wet densities, ρ0 and ρ12 because of the decay 

process. Moreover, damaged walnut wood samples tend to absorb less 

moisture, M%, than intact wood and are characterized by a lower value of 

volumetric swelling, S. Ancient fir wood samples register higher values of 

M% and S in comparison to modern fir samples. This could be related to 

their different conservation conditions. In fact, degraded walnut wood shows 

holes and larval tunnels that are not so numerous in degraded fir samples. 

Maybe, the critical biological decay of walnut reduced the wooden matter 

able to interact with the environment, producing a decrease of the moisture 

content. For as the effects of consolidation treatments is concerned, the 

application of all formulations leads to a decrease of about 25% of the 

moisture sorption for both wood species. In particular, a slight increase of 

the absorbed water for walnut and fir degraded wood samples treated with 

CMC filled PB72, proportional to the filler loading is detected (Figure IV-

61(a-b)). This may be due to the lower amount of Paraloid in composite 

solutions, but this variation is less than 0.5% even for formulations with the 

highest amount of filler. For both investigated wood types the increase of the 

CMC loading produces a systematic reduction of the volumetric swelling 

and an enhancement of dry and wet densities values. Worm-eaten walnut 

samples, treated with PB72-CMC-30, almost reach density values of their 

corresponding intact wood, while values detected for damaged fir samples 

exceed the reference ones. 
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4.3.2.2 Mercury intrusion porosimetry 

 

Table IV-22 reports the values of the percentage of total porosity, PTOT, and 

the pore radius for the different groups of wood. Also in this case there is a 

different degradation level noticeable for the two wood species. Before 

treatments, walnut samples display a stronger decrease of the total porosity 

in comparison to the modern wood, while degraded fir samples present a 

value of PTOT similar to that of their corresponding intact wood. Ancient 

walnut samples show a much more significant increase of the pore radius 

with respect to fir samples. This can be explained, considering the 

metabolism action of woodworm larvae that, making galleries and holes, 

enlarges the pore size of wood and thus reduces the percentage of its closed 

porosity. For both damaged wood types, CMC composites induce a 

progressive reduction of the pore radius that becomes much closer to that 

one of their corresponding intact wood. For walnut, the neat PB72 

application increases the PTOT, filling the worm tunnels. For all wood 

samples, there is a slight decrease of this property as the CMC content 

increases in comparison to samples treated with the neat resin, probably 

related to the lower amount of PB72 in composites solutions.  
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Table IV- 22. Results from mercury intrusion porosimetry analysis of undamaged and 
damaged walnut and fir wood before and after consolidation with neat PB72 and 

corresponding CMC composites. 

Sample 
PTOT 

(%) 

Pore radius 

(nm) 

walnut   

UW 40.89 350.3 

DW 26.98 1614.3 

DW-T0 37.24 711.8 

DW-T5 35.99 356.9 

DW-T30 33.76 318.5 

fir   

UW 62.22 136.4 

DW 60.84 292.4 

DW-T0 55.77 191.2 

DW-T5 47.30 144.9 

DW-T30 40.56 141.1 

 

 

4.3.2.3 Assessment of the penetration degree of consolidant 

solutions 

4.3.2.3.1 Optical microscope observations 

 

In Figure IV-62(a-d) and IV-63(a-d) optical microscope images of surfaces 

of damaged wood samples of walnut and fir before and after consolidant 

treatments are respectively reported. 
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(a) 

 

(b) 

 

(c) 
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(d) 

 

Figure IV- 62. Optical microscope images of surfaces of damaged walnut samples 
untreated (a) and treated with neat Paraloid (b) and microcomposites with 5 wt% and 30 

wt% of CMC (c-d). 

(a) 

 

(b) 
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(c) 

 

(d) 

 

Figure IV- 63. Optical microscope images of surfaces of damaged fir samples untreated 
(a) and treated with neat Paraloid (b) and microcomposites with 5 wt% and 30 wt% of 

CMC (c-d). 

 

All formulations create a surface transparent coating on each type of wood. 

Only samples treated with the composition at the highest amount of CMC 

present a visible exterior deposit of this microfiller.  

In Figure IV-64(a-d) and IV-65(a-d) optical microscope images of long 

cross-sections of damaged wood samples of walnut and fir before and after 

consolidant treatments are respectively presented. 
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(a) 

 

(b) 

 

(c) 
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(d) 

 

Figure IV- 64. Optical microscope images of long cross-sections of damaged walnut 
samples untreated (a) and treated with neat Paraloid (b) and microcomposites with 5 

wt% and 30 wt% of CMC (c-d). 
 

(a) 

 

 

(b) 
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(c) 

 

(d) 

 

Figure IV- 65. Optical microscope images of long cross-sections of damaged fir samples 
untreated (a) and treated with neat Paraloid (b) and microcomposites with 5 wt% and 30 

wt% of CMC (c-d). 
 

Only for walnut samples it is possible to assess the presence of consolidants 

in the long cross-sections, and how PB72 and, especially, CMC are able to 

partially fill the defects made by larvae worms. These defects into the wood 

become ways of penetration for consolidant solutions. While, in the inner 

sections of fir samples the consolidants penetration is not perceivable.  

Moreover, the comparison between surfaces and long cross-sections images 

of decayed walnut and fir samples proves the different degradation state of 

these two wood types, with evident larval holes and galleries on the surfaces 

and in the inner of just walnut samples.  
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4.3.2.3.2 Fourier transform infrared spectroscopy (FTIR) 

 

FTIR spectra of surfaces of untreated and treated degraded wood samples of 

walnut and fir (Figure IV-66(a-b)) confirm the formation of a surface 

transparent protective layer, through the presence in all FTIR curves of the 

main stretching peak of carbonyl groups at about 1750 cm-1 typical of PB72.  

(a) (b) 

  

Figure IV- 66. FTIR spectra of surfaces of damaged wood samples untreated and treated 
with neat Paraloid and CMC composites. (a) Walnut, (b) fir. 

 

Additionally, Figure IV-67(a-b) shows the FTIR spectra of long cross-

sections of untreated and treated decayed walnut and fir samples, 

respectively.  
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(a) (b) 

  

Figure IV- 67. FTIR spectra of long cross-sections of damaged wood samples untreated 
and treated with neat Paraloid and CMC composites. (a) Walnut, (b) fir. 

 

According to optical observations, the presence of the PB72 carbonyl group 

peak in the walnut wood long cross-sections spectra underlines the higher 

penetration degree of unfilled and filled Paraloid consolidants within this 

wood, through worm holes and galleries that are preferential ways of 

penetration. For fir samples a very low carbonyl signal was detected, 

verifying the essentially surface nature of PB72/CMC consolidation 

treatments for this degraded wood.  

 

4.3.3 Mechanical characterization 

Before testing, samples were conditioned at 23°C and 55% of relative 

humidity in a chamber with a super-saturated solution of Mg(NO3)2·6H2O 

until a constant weight was achieved.  

 

 

 

 



 
 

Results and Discussion 

 

 

168 

4.3.3.1 Three points flexure tests 

 

In Figure IV-68(a-b) the representative force/displacement (F/u) curves of   

each group of tested walnut and fir samples are presented, while, in Table 

IV-23 the main flexural properties in quasi-static condition are listed. 

(a) (b) 

Figure IV- 68. Representative force/displacement curves of the quasi-static flexural 
tests on undamaged and damaged wood samples before and after consolidation with 

neat Paraloid and CMC composites. (a) Walnut, (b) fir. 

 

 
Table IV- 23. Results of quasi-static flexural tests on undamaged and damaged walnut 

and fir wood samples before and after consolidation with neat PB72 and corresponding 
composites. 

Sample 
Ef 

(GPa) 

σMAX,f 

(MPa) 
εMAX,f 

walnut    

UW 6.97 ± 0.46 115.41 ± 6.12 0.115 ± 0.011 

DW 4.92 ± 0.37 49.72 ± 1.32 0.060 ± 0.011 

DW-T0 4.57 ± 0.66 53.88 ± 0.25 0.068 ± 0.009 

DW-T5 5.37 ± 0.29 62.65 ± 4.47 0.068 ± 0.008 

DW-T30 5.45 ± 0.44 63.94 ± 3.92 0.066 ± 0.006 
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Sample 
Ef 

(GPa) 

σMAX,f 

(MPa) 
εMAX,f 

fir    

UW 7.87 ± 0.59 71.62 ± 4.00 0.058 ± 0.004 

DW 5.99 ± 0.40 56.36 ± 4.03 0.061 ± 0.005 

DW-T0 5.99 ± 0.17 68.57 ± 1.56 0.074 ± 0.005 

DW-T5 6.34 ± 0.20 65.24 ± 3.42 0.071 ± 0.007 

DW-T30 6.43 ± 0.24 66.26 ± 1.10 0.071 ± 0.006 

 

First of all one can notice the drastic drop in mechanical properties for 

decayed walnut and fir due to the decay process. The neat PB72 based 

treatment is able to raise both maximum flexural stress and strain of the two 

types of wood, but has not effect on the elastic modulus, Ef. Remarkably, all 

wood samples treated with microcomposites show a systematic increase of 

Ef as the CMC content increases. For walnut a progressive enhancement of 

σMAX,f  with increasing of CMC loading is registered. On the other hand, 

there is no relevant effect of CMC on the maximum flexural strain of walnut 

wood. For fir wood, considering standard deviation values, it is possible to 

affirm that the presence of CMC does not significantly affect the flexural 

strength of consolidated samples. After the consolidation with 

microcomposites, decayed fir samples exhibit a slight decrease of εMAX,f.  

The flexural behavior of treated damaged fir samples could be related to the 

almost null penetration of Paraloid based consolidants into this wood and the 

lower concentration of this resin in composites solutions.  

In Figure IV-69(a-b) and IV-70(a-b) the values of Ef and σMAX,f for each 

group of tested walnut and fir samples are respectively plotted. 
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(a) 

 

(b) 

 

Figure IV- 69. Main quasi-static flexural properties of undamaged and damaged walnut 
wood samples untreated and treated with neat Paraloid and CMC composites. (a) flexural 

modulus, Ef, (b) maximum flexural stress, σMAX,f. 

(a) 
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(b) 

 

Figure IV- 70. Main quasi-static flexural properties of undamaged and damaged fir 
wood samples untreated and treated with neat Paraloid and CMC composites. (a) flexural 

modulus, Ef, (b) maximum flexural stress, σMAX,f. 

From Figure IV-69(a-b) and IV-70(a-b) it is clear that both of the two 

species of damaged wood present an important decrease of their flexural 

properties because of the degradative process. In particular, worm-eaten 

walnut samples register the highest fall in flexure strength, with a reduction 

of about 50% of σMAX,f with respect to damaged fir samples that register a 

σMAX,f decrease of about 20%.  The effect of CMC on the consolidating 

properties of PB72 is evident since the lowest amount of this microfiller and 

no relevant differences are noticeable between samples treated with 

composites at 5 wt% and 30 wt% of CMC. The enhancement of Ef is visible 

only for samples treated with PB72 filled composites and it is significant just 

for walnut. In fact, if fir samples consolidated with microcomposites register 

an Ef increase of about 7%, decayed walnut samples treated with PB72 filled 

formulations present Ef values around 20% higher than that of samples 

treated with the neat resin. The maximum stress values of walnut samples 

consolidated with PB72/CMC composites solutions are about 20% higher 

than the experimental σMAX,f values of samples treated with the unfilled 

PB72. While for fir samples no significant effect of CMC on this property 

can be detected. 
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4.3.3.2 Charpy impact tests 

 

In Table IV-24 the values of total specific fracture energy UTOT, specific 

energy for crack initiation Ui, specific energy for crack propagation Up, and 

the ductility index DI, are summarized for each group of walnut and fir 

samples. The most important results from Charpy impact tests are showed in 

Figure IV-71(a-b) for walnut and IV-72(a-b) for fir.  

 

Table IV- 24. Charpy tests results of undamaged and damaged walnut and fir wood 
samples before and after consolidation with neat PB72 and corresponding composites. 

Sample 
UTOT 

(kJ·m-2) 

Ui 

(kJ·m-2) 

Up 

(kJ·m-2) 
DI 

walnut     

UW 20.86 ± 0.82 15.94 ± 0.66 4.92 ± 1.20 0.31 ± 0.05 

DW 6.83 ± 0.60 3.50 ± 0.89 3.33 ± 0.70 0.95 ± 0.17 

DW-T0 8.26 ± 0.89 4.33 ± 0.57 3.93 ± 0.45 0.91 ± 0.20 

DW-T5 9.91 ± 0.80 6.11 ± 0.912 3.79 ± 0.52 0.62 ± 0.13 

DW-T30 9.45 ± 0.57 6.13 ± 0.45 3.32 ± 0.33 0.54 ± 0.15 

fir     

UW 12.95 ± 0.58 7.55 ± 0.94 5.40 ± 1.40 0.72 ± 0.22 

DW 5.79 ± 0.80 4.09 ± 0.39 1.71 ± 0.54 0.42 ± 0.11 

DW-T0 7.97 ± 0.83 5.32 ± 0.73 2.65 ± 0.88 0.50 ± 0.17 

DW-T5 10.21 ± 0.54 6.24 ± 0.53 3.97 ± 0.52 0.64 ± 0.15 

DW-T30 9.84 ± 0.87 6.03 ± 0.42 3.23 ± 0.57 0.54 ± 0.18 
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(a) 

 

(b) 

 
 

 

Figure IV- 71. Main impact flexural properties of undamaged and damaged walnut wood 
samples untreated and treated with neat Paraloid and CMC composites. (a) Specific 
energy adsorbed at the crack initiation, Ui, (b) total specific absorbed energy, UTOT. 

(a) 
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(b) 

 

Figure IV- 72. Main impact flexural properties of undamaged and damaged fir wood 
samples untreated and treated with neat Paraloid and CMC composites. (a) Specific 
energy adsorbed at the crack initiation, Ui, (b) total specific absorbed energy, UTOT. 

 

These results highlight how impact strength values of historical damaged 

wood samples are much lower than their corresponding modern intact wood 

ones, with a drop in the main impact properties of about 70% for walnut and 

about 50% for fir. Moreover, if degraded fir registers a decrease of the 

ductility index, the DI value of worm-eaten walnut is much higher than that 

one of intact walnut, probably because of larval holes and galleries which 

modify the crack propagation path. Even under impact conditions, the 

consolidation with the neat matrix improves the flexural strength of the two 

wood species, with the increase of both Ui and UTOT. Interestingly, all 

degraded wood samples treated with CMC composites exhibit higher values 

of Ui and UTOT in comparison to wood consolidated with neat PB72. The 

best results are obtained by samples consolidated through the formulation 

with 5wt% of CMC. Walnut and fir samples treated with the neat PB72 

register a higher value of the energy absorbed during the damage 

propagation and a similar value of the ductility index in comparison to the 

corresponding untreated samples. This could be explained with the presence 

of a transparent and ductile film on the surface of treated woods made by 
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PB72. Walnut samples consolidated with microcomposites report a 

progressive reduction of the Up and, therefore, a decrease of DI as the CMC 

amount increases, evidencing how microcellulose can better fill the decay 

defects in these materials reducing the path of crack. While for fir samples 

consolidated with filled formulations an increase of both Up and DI is 

detected, probably due to the surface nature of all treatments that being not 

able to penetrate, make only a ductile film on wood. 

4.3.3.3 ShoreD hardness tests 

 

In the following table the results from ShoreD hardness tests on each group 

of examined wood are collected.  

Table IV- 25. Radial and tangential hardness values of undamaged and damaged walnut 
and fir wood samples before and after consolidation with neat PB72 and corresponding 

composites. 

Sample Hr Ht 

walnut   

UW 69.25 ± 0.63 63.51 ± 0.17 

DW 65.56 ± 0.81 62.78 ± 0.64 

DW-T0 65.70 ± 0.70 62.88 ± 0.80 

DW-T5 67.44 ± 0.59 64.33 ± 0.79 

DW-T30 69.03 ± 0.46 67.70 ± 0.42 

fir   

UW 42.02 ± 0.59 45.65 ± 0.76 

DW 35.54 ± 0.80 37.69 ± 0.86 

DW-T0 39.28 ± 0.45 41.83 ± 0.76 

DW-T5 39.13 ± 0.65 42.25 ± 0.75 

DW-T30 39.09 ± 0.43 41.82 ± 0.60 



 
 

Results and Discussion 

 

 

176 

Even the surface hardness of damaged walnut and fir woods is affected by 

the decay process. Both radial and tangential hardness values of the two 

historical wood types are lower than Hr and Ht of their corresponding 

modern intact wood. As one can see in Table IV-25, a positive effect of the 

CMC presence within Paraloid and, especially, its surface deposit on wood, 

is the improvement of Hr and Ht hardness values of treated decayed walnut 

wood which are progressively higher than those registered by wood samples 

treated with neat PB72. For fir it is not possible to notice any relevant 

difference between samples consolidated by the neat matrix and those 

treated with CMC composites. 

4.3.3.4 Microstructural analysis 

 

In order to assess if CMC flakes modify the fracture mode of treated wood, 

microstructural analysis of failure surfaces of impact tested walnut and fir 

samples were carried out. In Figure IV-73(a-e) and IV-74(a-e) it is possible 

to observe the 3D profiles of cross-sections of each group of walnut and fir, 

respectively, after impact failure. 

 

(a) (b) 
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(c) (d) 

(e)  

 

Figure IV- 73. 3D profiles of impact fracture cross-sections of undamaged (a) and 
damaged walnut wood samples untreated (b) and treated with neat Paraloid (c) and 

microcomposites with 5 wt% and 30 wt% of CMC (d-e). 
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(a) (b) 

(c) (d) 

(e)  

 

Figure IV- 74. 3D profiles of impact fracture cross-sections of undamaged (a) and 
damaged fir wood samples untreated (b) and treated with neat Paraloid (c) and 

microcomposites with 5 wt% and 30 wt% of CMC (d-e). 
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It is evident that all consolidants do not change the fracture behavior of the 

two decayed wood species. However, the images of walnut samples (Figure 

IV-73(a-b) show how defects made by larvae worms in the samples 

completely change the fracture mode of walnut passing from a brittle clean 

break to a cross-grain one [136]. It is also interesting to notice the inner 

walls of worm tunnels with the wooden matter totally degraded and, in case 

of treated samples, the deposit of the neat matrix or of polymer and 

microfiller together. 

4.4 Lining of oil paintings on canvas 

A degraded canvas has to recover its initial tension and mechanical 

properties and to do this conservators have to consolidate the original 

support by a lining work. The lining of canvas requires to the adhesive to be 

applied good viscoelastic and creep strength and relaxation resistance. 

Therefore, for this specific application an improvement of the adhesive joint 

dimensional stability is highly desirable, especially in cases of hygroscopic 

polymers as Aquazol resins. In the light of promising results obtained by 

Aquazol polymers after the introduction of CMC, melt-compounded thin 

films of neat Aquazol 200 and 500 and their resulting microcomposites with 

5 wt% and 30 wt% of CMC and an average thickness of 100 µm were 

applied as lining adhesives keeping connected two canvases: an English 

linen representing the original oil painting substrate and a woven polyester 

usually utilized as lining textile. 

 

4.4.1 Rheological tests 

An important parameter to be considered for a successful lining work of oil 

paintings is the product penetration into the canvas. This property is strictly 
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related to the viscosity of the resin. Rheological tests were conducted on 

conditioned samples (T= 23°C and RH= 55%) at a temperature of 60 °C, the 

same environmental conditions and  temperature used for the lining cycle, in 

order to assess the possible effect of CMC introduction on the viscosity of 

neat matrices. Figure IV-75(a-b) reports apparent viscosity curves of CMC 

composites tested at 60°C (i.e. the temperature of adhesive joints 

production). 

(a) (b) 

  

Figure IV- 75. Apparent viscosity curves of neat matrices and corresponding CMC 
composites. a) Aquazol 200 b) Aquazol 500. 

 

A similar solid-like behavior is detected for all examined formulations. 

Rheological curves of Aquazol/CMC composites even at the highest CMC 

amount maintain the same viscosity value of neat matrices. The addition of 

CMC does not change the viscosity of AQ200 and 500 and therefore does 

not impair the good penetration degree of these products. 

 

4.4.2 Single-lap shear tests 

Single-lap shear tests in quasi-static and creep configuration were performed 

on canvas samples lined by thin Aquazol/CMC films. In Table IV-26 the 
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shear strength (τB) and joint displacement (u) values from single lap shear 

tests are collected. In Figure IV-76(a-b) adhesive displacement curves of 

filled and unfilled Aquazol 200 and 500 are presented.  

 

Table IV- 26. Results of single-lap shear tests under quasi-static and creep condition on 
neat matrices and resulting CMC composites. 

Sample 
τB 

(MPa) 

u 

at t= 3600s 

(mm) 

AQ200 1.04 ± 0.02 22.90 ± 0.03 

AQ200-CMC-5 1.26 ± 0.02 14.33 ± 0.03 

AQ200-CMC-30 1.17 ± 0.01 11.90 ± 0.02 

AQ500 1.76 ± 0.01 24.29 ± 0.05 

AQ500-CMC-5 1.87 ± 0.01 15.25 ± 0.02 

AQ500-CMC-30 1.70 ± 0.02 13.35 ± 0.03 

 

 

(a) (b) 

  
Figure IV- 76. Displacement curves from single-lap shear tests under creep condition on 

adhesive joints based on CMC polymer composites. a) neat AQ200 and resulting 
composites, b) neat AQ500 and resulting composites. 
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The results show that the introduction of CMC particles into AQ200 and 

AQ500 leads to an increase of τB for formulations with 5 wt% of this 

microfiller and also with 30 wt% for AQ200. Adhesive joints of AQ500 with 

the highest CMC content manifest a value of τB close to that of the neat 

matrix. As previously seen (section 4.1.3) also during the application it is 

possible to appreciate the synergistic effect of moisture content and CMC on 

these materials. The higher percentage of water in samples with 5 wt% of 

CMC in comparison to pure polymers could be the cause of the τB 

increment, while, in composites with 30 wt% of CMC, the filler action is 

predominant, but the presence of moisture limits the τB loss. The values of 

joint displacement u, prove the higher creep stability upon a constant stress 

of filled adhesive joints in comparison to the corresponding neat matrices. In 

fact, the u values of filled AQ200 and AQ500 are progressive lower than 

those of unfilled polymers, especially for long time of testing. In Figure IV-

77(a-b) relative τB and u trends (i.e. normalized over the value corresponding 

to neat polymer matrices) as a function of the CMC loading are shown. 

 

(a) (b) 

  

Figure IV- 77. Relative single-lap shear properties trends of neat matrices and resulting 
CMC composites. (a) Shear strength τB, (b) displacement u, at 3600 s. 
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From the relative τB trends of the two Aquazol it is possible to observe the 

slight increase of the adhesive strength more visible for AQ200 samples. 

The progressive reduction of u is similar for the two polyamides. In 

particular, a CMC addition of 30 wt% is able to promote a decrease of joint 

displacement of about 50% in comparison to neat matrices. 

 

4.4.3 Microstructural analysis 

Since the introduction of a reinforcing agent in adhesive systems could 

impair their fracture behavior, optical microscope observations of the 

fracture surfaces of Aquazol based microcomposites were performed. Figure 

IV-78(a-b) presents the two cross-sections of each joint (the neat polymers 

and their corresponding composites) after fracture, with the English linen 

canvas in the upper part of the samples and the woven polyester in the 

bottom parts. 

 

(a) 
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(b) 

 

Figure IV- 78. Optical microscope images of overlap adhesive area of CMC composites. 
a) neat AQ200 and resulting composites, b) neat AQ500 and resulting composites. 

 

The images show that all formulations, even with the highest amount of 

CMC, manifest the same fracture mode of neat matrices, i.e. an adhesive 

fracture. In fact, the adhesive joints fail at the linen/glue interface and the 

main part of the adhesive layers remain on the woven polyester. This could 

be explained through a different penetration degree of adhesive films into 

the two kinds of canvas due to a difference in the inter-yarn porosity of the 

two selected textiles. The woven polyester has a lower inter-yarn porosity in 

comparison to the linen canvas and maybe this affects the penetration of 

adhesive films, allowing a higher penetration of these materials into the 

lining textile. 
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4.4.4 Comparison between micro- and nano adhesives 

composites performances 

Considering the relevant increase of the dimensional stability imparted by 

CNC particles to Aquazol 500, thin films of this polymer filled with 5, 10 

and 30 wt% of CNC having an average thickness of 250 µm were applied as 

lining adhesives of canvas. The same types of substrates and the same tests 

already seen for melt-compounded CMC films were utilized. In order to 

investigate the action of a micro- and a nanoscale cellulose on the 

mechanical performance of AQ500 adhesive, the same tests were carried out 

on adhesive joints made by CMC thin films produced through the solution 

mixing method. In this way it was possible to verify if the positive 

stabilization of the matrix promoted by CMCs and CNCs is also active 

during the application of this polymer as canvas consolidant/adhesive. 

4.4.4.1 Single-lap shear tests 

 

Single-lap shear tests in quasi-static and creep configuration were performed 

on canvas samples lined by thin CMC and CNC films obtained by solvent 

casting process. The adhesive strength (τB) and the joint displacement (u) 

values of the neat matrix and the relative micro- and nanocomposites are 

listed in Table IV-27. In Figure IV-79(a-b) adhesive displacement curves of 

Aquazol 500 filled with CMC and CNC are represented. 
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Table IV- 27. Results of single-lap shear tests under quasi-static and creep condition on 
neat Aquazol 500 and resulting CMC and CNC composites. 

Sample 
τB 

(MPa) 

u 

at t= 3600s 

(mm) 

AQ500 2.87 ± 0.02 19.71 ± 0.03 

AQ500-CMC-5 2.51 ± 0.01 15.68 ± 0.03 

AQ500-CMC-10 2.47 ± 0.02 14.15 ± 0.02 

AQ500-CMC-30 1.30 ± 0.04 -- 

AQ500-CNC-5 2.70 ± 0.02 11.13 ± 0.02 

AQ500-CNC-10 2.63 ± 0.05 9.11 ± 0.02 

AQ500-CNC-30 2.00 ± 0.02 7.29 ± 0.04 

 

(a) (b) 

  

Figure IV- 79. Displacement curves from single-lap shear tests under creep condition on 
adhesive joints of Aquazol 500 and (a-b) CMC and CNC composites. 

 

Cellulose micro and nanocrystals lead to a decrease of the adhesive strength 

of AQ500 proportionally to the filler loading. If for CMC filled adhesive 

joints this fall in τB is significant since the lowest amount of this microfiller, 

the negative effect of CNC on the τB of AQ500 becomes relevant in samples 

with the highest filler content. On the other hand, a relevant increase of the 
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dimensional stability for all adhesive joints, and, in particular, for those 

filled with CNC, with a systematic reduction of the adhesive displacement u, 

is detected since the lowest amount of fillers. It was not possible to perform 

single-lap shear tests under creep condition on microcomposites at 30 wt% 

of CMC since they failed during tests, being the shear stress used for these 

tests (τ0 = 50% of the AQ500 τB value) too high for them. The direct 

comparison of relative τB trends (i.e. normalized over the value 

corresponding to the neat matrix) as a function of the filler loading (Figure 

IV-80a) shows that CMC composites register the most important adhesive 

strength loss, with a decrease of τB for the formulations with the highest 

filler amount of around 60% in comparison to the unfilled matrix. While 

CNC composites at 30 wt% of filler reach a τB value about 30% lower than 

that of the neat AQ500. From relative u trends (Figure IV-80b) one can 

notice that microcomposites report an elongation reduction up to about 30% 

for formulations with 10 wt% of CMC, against joints filled with CNC 

suspensions that reach u values up to 60% lower than the neat matrix.  

(a) (b) 

Figure IV- 80. Relative single-lap shear properties trends of neat Aquazol 500 and 
resulting CMC and CNC composites. (a) Shear strength τB, (b) displacement u, at 3600 s. 

In conclusion the comparison between micro- and nano-adhesive films 

performances highlights how the stabilization action of CNC on AQ500 is 
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much stronger and more powerful than that produces by CMC. CNC 

particles are responsible of a more limited decrease of the adhesive strength 

and a higher creep resistance since the lowest amount of filler with respect to 

CMC.  

4.4.4.2 Microstructural analysis 

 

Figure IV-81(a-b) represents the two cross-sections of each joint (the neat 

polymer and its corresponding CMC and CNC composites) after fracture, 

with the English linen canvas in the upper part of the samples and the woven 

polyester in the bottom parts. 

 

(a) 
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(b) 

 

Figure IV- 81. Optical microscope images of overlap adhesive area of (a) CMC 
composites and (b) CNC composites. 

 

 

All adhesive joints, even with the highest amounts of micro- and 

nanocellulose, manifest the same fracture mode of the neat matrix, i.e. an 

adhesive fracture. In fact, all adhesive films fail at the polyester/glue 

interface and the main part of the adhesive layers remain on the English 

canvas. This could be due to the effect of the solvent used in the films 

production  and at the same time a probable higher hygroscopicity of linen 

textile with respect to the synthetic polyester that allows a better penetration 

of adhesive films into the English canvas. 
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Chapter V 

Conclusions and Future perspectives 

 

 
 
 

Conclusions of the microcomposites characterization 

 

Various amounts of cellulose microcrystals (CMC, 5÷30 wt%) were melt 

compounded and compression molded with three commercial artwork 

preserve resins: a MA/EMA acrylate copolymer (Paraloid B72) and two 

molecular weights of a poly 2-ethyl-2-oxazoline homopolymer (Aquazol 200 

and 500) to prepare innovative thermoplastic composites for cultural heritage 

restoration. In order to assess the effect of this microfiller on the physical 

and thermo-mechanical behavior of the resulting materials an extended 

characterization was performed. A comparison between dried and 

conditioned samples was carried out in order to evaluate also the combined 

action of CMC and water uptake under recommended hydrothermal 

conditions for artworks conservation (T= 23°C, RH= 55%). 

• ESEM observations showed a uniform dispersion within the three 

matrices of CMC without any preferential orientation and filler 

aggregation. Only for PB72 matrix an enhancement of the glass 
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transition temperature since the lowest amount of CMC was 

detected. TGA tests revealed that CMC increased the thermal 

stability of all polymers except AQ200/500 with the highest amount 

of CMC. 

• The water diffusion through the filler/matrix interface led to an 

increase of the equilibrium moisture content for all composites with 

respect to neat matrices. A transparency decrease proportional to 

the filler content and a chromatic change of these materials filled 

with the highest amount of CMC towards yellow tones were 

observed. 

• Despite the increase of moisture content, CMC addition produced 

an interesting stabilizing effect on both dried and conditioned 

matrices with an increase of the dynamic storage and loss moduli, 

more pronounced for wet samples, and a decrease of the thermal 

expansion coefficient as the filler loading increases. Moreover, 

CMC introduction in conditioned formulations determined a 

remarkable increment of the stiffness associated to an enhancement 

of the tensile properties at break, in contrast to the mechanical 

behavior of dried microcomposites that reported a drop in these 

properties. Both dried and wet formulations highlighted a similar 

stabilizing effect induced by CMC flakes even under constant long-

lasting (creep) stresses, regardless of the moisture content. 

Therefore, CMC has a predominant role on the mechanical 

response of these polymers over the action of absorbed water. This 

is important especially for Aquazol polymers which have a very 

high tendency to water sorption. 
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Conclusions of the nanocomposites characterization 

 

The physical and thermo-mechanical behavior of thin films obtained by 

the solution mixing method and made of a thermoplastic artwork 

adhesive Aquazol 500 (a poly 2-ethyl-2-oxazoline homopolymer), and 

different amounts of cellulose nanocrystals (CNC, 5÷30 wt%) were 

investigated. The comparison with microcomposites obtained from the 

same matrix filled with cellulose microcrystals, CMC, was performed, in 

order to assess the different effect of a micro- and nanoscale filler on this 

polymeric matrix. 

• FESEM analysis evidenced a homogenous dispersion of both CMC 

and CNC particles without any filler aggregation. For 

microcomposites with the highest amount of CMC a deposit 

phenomenon of this filler was observed. Only CNC was able to 

improve the glass transition temperature of the pure polymer but for 

formulations with the highest amount of this nanofiller a more 

relevant decrease of the thermal stability with respect to 

microcomposites was detected. 

• All nanocomposites preserved their high transparency even at 

highest amounts of CNC, while CMC flakes impaired the optical 

features of the neat matrix with increasing of the filler content. 

• Interestingly, CNC is more powerful than CMC in the increase of 

the dynamic moduli and the decrease of the thermal expansion 

coefficient as the filler loading increases. This stabilizing action of 

CNC was observed also during creep tests with a progressive and 

much higher reduction of the AQ500 creep elongation with respect 

to microcomposites. 
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Conclusions of the application of Paraloid based 

microcomposites as consolidant of wood  

 

A physic-mechanical investigation of the effect of 5 and 30 wt% of CMC on 

the consolidating properties of Paraloid B72 was conducted. Historical 

walnut (Juglans regia) and fir (Abies alba) wood samples were treated with 

neat and filled Paraloid solutions in acetone. These two types of wood 

exhibited a critical biological degradation more pronounced for walnut 

samples, with an increase of the pore radius and a dramatic drop of their 

mechanical properties due to the holes and tunnels made by larval worms. 

• CMC introduction did not change the good viscosity of the neat 

matrix and especially its good water repellency. In fact, for all 

treated wood samples a similar reduction of the moisture content 

and the volumetric swelling was observed. Wood samples treated 

with PB72/CMC composites showed a progressive decrease of the 

pore radius. 

• From optical microscope images and FTIR analysis it was possible 

to observe how PB72 and CMC flakes were able to create a surface 

transparent film on all consolidated samples and penetrate in the 

inner of treated damaged woods filling worm-larvae holes and 

galleries. Only for wood samples treated with the highest amount of 

CMC was possible to notice a white exterior deposit of this filler on 

the surface. 

• The presence of CMC within PB72 allowed the improvement of the 

stiffness and the flexure strength of consolidated woods under 

quasi-static and impact conditions, with the flexural modulus, the 

maximum flexural stress and both initial and total impact absorbed 

energies increased with filler loading. Moreover, a systematic 
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increment of the radial and tangential surface hardness almost up to 

the intact wood values was observed on treated walnut wood 

samples. 

 

Conclusions of the application of Aquazol based micro- and 

nanocomposites as lining adhesives of canvas 

 

Melt-compounded thin films of AQ200 and 500 filled with 5 wt% and 30 

wt% of CMC and solution mixed AQ500 micro- and nanocomposites with 5, 

10 and 30 wt% of CMC and CNC, respectively, were applied as adhesives 

connecting two kinds of canvas in order to simulate the restoration of oil 

paintings by a lining work. Thanks to single-lap shear tests it was possible to 

verify the increase of the dimensional stability of Aquazol resins due to the 

CMC and CNC introduction already seen in the preliminary characterization 

of these experimental formulations. 

• Mechanical tests confirmed the stabilization provided by the 

addition of CMC on the melt-compounded Aquazol matrices, with 

an important reduction up to 50% of the adhesive joint elongation. 

It is assumed that the higher amount of moisture within filled 

samples led to an increase of the adhesive strength. 

• CMC solution mixed composites reported a dramatic drop in the 

adhesive strength since the lowest amount of filler. CNC films 

showed a relevant decrease of this property just at the highest filler 

content, but a more pronounced reduction of the adhesive 

displacement (around 60%) was detected since the lowest loading 

of this filler.  
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Considering the promising results obtained from micro- and 

nanocomposites could be interesting to extend the application of CMC 

and, especially, CNC composites in other restoration operations, testing 

also different polymeric matrices. For this purpose, cellulose 

nanocrystals were produced starting from CMC flakes by means of the 

sulfuric acid hydrolysis (see section 6.1).  
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Chapter VI 

Collateral research activities 

 

 

 

6.1 Cellulose nanocrystals production 

The objective of this work was to find a rapid and high-yield process to 

obtain an aqueous stable colloid suspension of cellulose nanocrystals (CNC). 

In this section the experimental procedure for the production of CNC 

starting from cellulose microcrystals (CMC) powder is descripted. The 

preliminary results of the morphology characterization of these obtained 

CNC particles are presented. The final goal is the production of cellulose 

nanocrystals with a milder process with respect to standard methods present 

in literature and an aspect ratio close to that of CNCs already used in this 

research kindly supplied by the Wallenberg Wood Science Center (Sweden). 

6.1.1 Samples preparation 

CNCs were separated from CMC powder (specific gravity=1.56 g·cm-3, 

mean molecular weight= 90000 g/mol), supplied by Sigma Aldrich (USA).  



 
 

Collateral research activities 

 

 

198 

CMC particles consist of elongated flakes with an average length of about 

24 µm and a diameter of about 10 µm (average L/D ratio of 2.4) (Figure III-

3). The cellulose nanoparticles were isolated from CMC by sulfuric acid 

hydrolysis, following the procedure described by Bondeson et al. [94, 137] 

with some modifications. 

CMC was mixed with deionized water. The water/CMC suspension was then 

put in an ice bath and stirred while concentrated sulfuric acid (Sigma 

Aldrich) was added by drop until the desired acid concentration was 

reached. A concentration of CMC of 10 g/100mL of acid and an acid 

concentration of 64% (w/w) were utilized. The suspension was heated while 

stirred till a temperature of 44 °C was achieved. The suggested treatment 

time was of 2h. In this work two acid treatment times were selected: 1h and 

2h, in order to check the difference in the size of CNC particles after the two 

different treatments and try to get a milder cycle of production with good 

particles size results. The suspension was then washed with deionized water 

using repeated centrifuge cycles of 30 min at 3500 rpm. The supernatant was 

removed from the sediment and replaced by new deionized water and mixed. 

Centrifuge cycles were stopped until the supernatant became turbid. The 

final step was the dialysis with deionized water until the reaching of a 

neutral constant pH (around 6-7). The total preparation procedure is 

illustrated in Figure VI-1. 
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Figure VI- 1. Preparation procedure for cellulose nanocrystals [137]. 

 

In Figure VI-2 a picture of the two aqueous suspensions of CNC 

obtained through an acid hydrolysis time of 1h and 2h is reported. 

 

 

Figure VI- 2. Image of aqueous suspensions of CNC after a sulfuric acid hydrolysis time 
of 1h and 2h. 
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6.1.2 TEM analysis 

The morphological characteristics of CNC particles made by 1h and 2h 

of acid treatment were obtained from a Philips® EM 400 T (Amsterdam, 

Netherlands) transmission electronic microscope at an acceleration 

voltage of 120 kV. A drop of diluted suspensions (0.0016% w/v in 

water) was placed on a copper grid and allowed the air-drying for 24h. 

TEM micrographs of CNCs after 1h and 2h of sulfuric acid hydrolysis 

are depicted in Figure VI-3(a-d) and Figure VI-4(a-d), respectively.  

 

(a) (b) 

  

(c) (d) 

  

Figure VI- 3. TEM images of CNCs after 1h of acid treatment (a-d). 
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(a) (b) 

  

(c) (d) 

  

Figure VI- 4. TEM images of CNCs after 2h of acid treatment (a-d). 

 

Comparing the two set of TEM micrographs it is possible to see that 

CNCs obtained with half of the suggested time of CMC acid hydrolysis 

result visible thicker than those treated for 2h with sulfuric acid. Since it 

is hard to quantify the size of these particles by an image analysis 

software because of their low resolution, it could be convenient to 

negatively stain the samples before observation in order to increase the 

contrast of images, as reported in literature [138-140]. 
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6.2 Determination of the polymerization degree of 

cellulose-based textiles 

The textiles utilized as substrates of ancient oil paintings are obtained from 

the processing and the weaving of natural fibers, such as linen and cotton. 

These fibers are made up cellulose. The cellulose polymer consists of linear 

chains of β-D-glucose monomers. These units can reach a number of 2500-

3000 in the most common raw fibers. This number is defined degree of 

polymerization (DP). Degradative reactions due to various factors as light, 

heat, chemical agents, pollutions and biological organisms can decrease the 

DP of cellulose fibers. In presence of decay processes the length of polymer 

chains is downsized because of the splitting of β-D-glucose bonds and this 

leads to a consequent mechanical properties loss [141]. In particular, the DP 

is direct correlated to the tenacity of canvas yarns. The polymerization 

degree of cellulose can be determined through its intrinsic viscosity in 

solution using a capillary viscometer.  The assessment of the DP of ancient 

damaged canvas samples taken from an oil painting (18th century) under 

restoration was performed in order to determine a representative 

conservation state of oil paintings substrates. This is a very important 

information for conservators, because it gives them an idea about the 

optimal restoration approach to select, especially when it is necessary to 

make a choice of lining. 

6.2.1 Samples preparation 

In Figure VI-5(a-b) the two kinds of canvas examined in this work are 

shown. 
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(a) (b) 

  
 

Figure VI- 5. Samples of linen canvas for viscosimetry measurements. (a) Modern intact 
canvas, (b) ancient damaged canvas.  

On the surface of the ancient canvas sample a layer of imprimitura is 

present. An oil painting is made up several layers. As one can see in Figure 

VI-6, the schematic of an oil painting section shows the canvas that is the 

substrate (named ground) at the bottom of the artwork, the imprimitura 

coming after, the following paint film and at the end the varnish layer. 

 

 

Figure VI- 6. Schematic of an oil painting section. 
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The imprimitura is an intermediate layer between the ground and the paint 

layers also called priming layer which was made of oils and/or resins or 

proteinaceous binders and fillers [142]. It acts as a compact base for fixing 

pigments, colors and media and reducing the absorbency of the ground layer. 

Since this coating could make harder the dissolution of canvas for viscosity 

tests, it was necessary to identify its chemical composition to remove it. The 

traditional priming layer of oil paintings was made up basic lead carbonate 

called “biacca” and linseed oils. The ESEM-EDS analysis of this priming 

coating was conducted using a Philips XL30 environmental scanning 

electron microscope equipped with an EDAX light-element energy-

dispersive spectroscopy detector. In Figure VI-7(a-b) the ESEM image of 

analyzed coating area and the collected EDS spectrum and quantitative 

results are reported. 

 

(a) (b) 

 

Figure VI- 7. (a) ESEM image of the examined priming layer area and (b) collected EDS 
results.  
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The ESEM-EDS analysis confirm that the main constituent of the examined 

layer is lead. Additionally, FTIR analysis of the coating was carried out by a 

FTIR spectrometer Varian 4100 (Excalibur Series) equipped with a Golden 

Gate diamond (Graseby Specac) for ATR analysis. In Figure VI-8 the FTIR 

spectra of uncoated and coated canvas are represented. 

 

 

Figure VI- 8. FTIR spectra of canvas with and without the priming layer. 

 

From these spectra one can identify the typical peaks of linseed oils: the 

stretching signal of C-H at around 3000 - 2800 cm-1 and the stretching peak 

of C=O visible at about 1700 cm-1 in the shoulder of the cellulose peak 

centered at around 1500 cm-1. The typical peaks of biacca are also present at 

around 1450 cm-1 due to the bending of CH2, at around 1150-1050 cm-1 and 

at 690 cm-1. A buffer solution of acetic acid/sodium acetate at pH 5 in order 

to avoid an additional damage of the ancient canvas was utilized for the 

cleaning of the coating. ESEM-EDS analysis (Figure VI-9(a-b)) and optical 

microscope image (Figure VI-10(a-b)) of the ancient canvas samples after 

treatment evidence the almost complete removal of this layer. 
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(a) (b) 

Figure VI- 9. (a) ESEM image of treated priming layer area and (b) collected EDS results. 

 

(a) (b) 

  

Figure VI- 10. Optical microscope images of ancient canvas (a) before and (b) after 
treatment of imprimitura removal. 
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6.2.2 Viscosity measurements 

Viscosity measurements of ancient damaged linen canvas samples were 

conducted. The same tests were performed on corresponding modern intact 

canvas samples as terms of comparison. All samples were dissolved in 

cupriethylenediamine hydroxide 0.5 M with a final solution concentration of 

0.1 g/dL. A magnetic stirring at 35 °C was used to allow the complete 

dissolution of textiles. The viscosity tests were performed through an 

Ubbelohde capillary viscometer type sI 22 at 25 °C. The intrinsic viscosity 

[ƞ] values were calculated according to UNI 8282, ASTM D1795-96 and 

DIN EN ISO 1628-1 standards. The weight average polymerization degree 

of cellulose DPW, was determined multiplying [ƞ] for a factor of 1.5 

according to the Mark–Houwink–Sakurada equation [143, 144]: 

 

DPW = K[ƞ]a                    

 

where K and a are experimental constants equal to 1.5 and 1, respectively.   

At least five specimens for each kind of canvas were tested. 

In Table VI-1 the [ƞ] and DPW values of ancient and modern canvases are 

listed. 

Table VI- 1. Intrinsic viscosity [ƞ] and weight average polymerization degree of 

cellulose DPW values of ancient and modern linen canvases.  

Sample 
[ɳ]  

(mL/g) 
DPW 

Canvas   

Modern 1300 1950 

Ancient 320 480 
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A dramatic drop in [ƞ] and DPW is evident for damaged canvas. In particular, 

[ƞ] and DPW values are 75% lower than those reported by modern intact 

linen, highlighting a critical conservation state of this textile. Moreover, 

these results are in accordance with literature studies, where oil paintings 

substrates from XVII-XVIII centuries registered  DPW values between 750 

and 500 [145]. A so poor polymerization degree of canvas requires an 

incisive restoration operation as the lining work and/or the consolidation of 

the oil painting substrate. 
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