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Abstract: The primary objective of global studies is to develop the properties and durability of polymers for 

various applications. When it comes to dental disability, denture base materials must have sufficient mechanical 

and tribological performance in order to withstand the forces experienced in the mouth. This work aims to 

investigate the effects of the addition of low content of cellulose nanocrystals (CNC) on the mechanical and 

tribological performance of the polymethyl methacrylate (PMMA) nanocomposites. Different weight percent 

of CNC (0, 0.2, 0.4, 0.6, and 0.8 wt%) were added to the PMMA matrix followed by ball milling to evenly 

distribute the nanoparticles reinforced phase in the matrix phase. The findings emphasize the significant 

impact of CNC integration on the performance of PMMA nanocomposites. By increasing the content of the 

CNC nanoparticles, the mechanical properties of PMMA were improved. In addition, the tribological outcomes 

demonstrated a significant reduction in the friction coefficient besides an enhancement in the wear resistance 

as the weight percentage of nanoparticles increased. The surface of the worn samples was investigated by 

utilizing SEM to identify the wear mechanisms corresponding to the different compositions. In addition, a finite 

elment model (FEM) was developed to ascertain the thickness of the worn layer and the generated stressed 

on the surfaces of the nanocomposite throughout the friction process.  
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1  Introduction 

Dentures must have appropriate mechanical and 

tribological characteristics in order to withstand 

against the different abrasion and friction forces that 

occur in the oral cavity [1]. In addition, the polymeric 

materials must possess biocompatibility and prevent 

any chemical interactions that may pose possible 

toxicity to the human bodies. Polymethyl methacrylate 

(PMMA) has been extensively utilized in denture 

production since 1937. The utilization of PMMA 

returns to its low weight, pleasing appearance, 

simplicity of manipulation and polishing, ability to 

be used in medical procedures, cost efficiency, and  
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ability to remain stable in the mouth [2]. The various 

advantages of PMMA encourage dentists utilizing it 

as a base material for denture and dental restorative 

polymers for many years. Conventionally, dentures 

are fabricated by combining pre-polymerized PMMA 

powder with liquid methyl methacrylate (MMA) 

monomers, and the resulting paste is then poured 

into dental molds. 

However, PMMA may not always be the most 

suitable option for these applications. Due to its 

weak surface qualities, this material is not suited for 

applications that involve friction. Additionally, its 

mechanical properties, including flexural and impact 

strengths, are insufficient [3]. When used as a material 

for denture bases, PMMA experiences many types 

of stresses, including compressive, tensile, and shear 

stresses, which may cause scratches and fractures, 

and enhance wear rate. This has the capacity to 

modify the shape of the denture base, which presents 

a possible hazard to the patient welfare [4]. Significantly, 

abrupt fractures frequently occur as a result of the 

low resilience and fragility of pure PMMA, leading 

to inconvenience for patients and rise the overall 

expenses and treatment time. Harrison et al. [5] 

conducted a statistical analysis that defined the 

observed forms of fractures in denture bases composed 

of PMMA. It was observed that 29% of breakage 

was observed in fully intact upper dentures, while a 

further 38% of the other breakage appeared in the 

above partial dentures PMMA connectors. 

The major criteria for selecting materials used for 

denture are to consist of sufficient strength, hardness, 

and resistance to erosion [6]. In order to deal with 

the PMMA qualities limit, many efforts are engaged 

to improve its performance through different 

modifications. Plasma technology has been used  

to make chemical alterations that enhance impact 

resistance. Additionally, researchers have investigated 

the use of cross-linking agents [7]. Furthermore, there 

have been efforts to strengthen PMMA by combination 

with various additive materials, such as reinforcing 

fillers (particles and fibers) which typically improve 

the polymer composite properties [8]. Kanie et al. [9] 

reported that the incorporation of fillers is widely 

acknowledged as a highly effective approach to 

enhance the different properties of composites. 

Turkyilmaz et al. [10] studied the influence of the 

addition of several additives of metal oxides (TiO2, 

ZrO2, and Al2O3) to the PMMA resin. The study 

revealed improvements in the PMMA properties such 

as fracture toughness. Nevertheless, the combination 

of these constituents had certain medically unfavorable 

consequences when coming into contact with  

saliva. The results obtained from investigating the 

combinations of ZrO2/Al2O3 and ZrO2/TiO2 [11] were 

in line with the findings of Asar et al. [10]. In a similar 

manner, Akil et al. [12] examined the hardness, 

toughness, and strength of PMMA by the addition of 

various additives, such as nitrile butadiene rubber 

and ceramic additives like Al2O3 and yttria stabilized 

zirconia (YSZ), along with a silane agent. The 

mechanical performance has been enhanced, and the 

best combination has been determined to consist of 

2.5% YSZ, 2.5% Al2O3, and 7.5% NBR. It is worth to 

mention that the samples weight of pure PMMA and 

its composite varied greatly because of the substantial 

amount of fillers, particularly the ceramic ones. 

Nanotechnology has recently achieved substantial 

advancements in the field of material science which 

has the great effect on the material properties due to its 

unique properties comparing with its corresponding 

bulk materials. As a result, scientists have endeavored 

to integrate nanotechnology into the field of dentistry. 

The properties of nanocomposites depend on various 

aspects, including the dimensions, composition, 

structure, distribution, and weight fraction of the 

nano additives [13–15]. Nodehi et al. [16] examined 

the impact of double-modified nano-clays (organic 

filler) on the properties of PMMA used as a base for 

denture. Incorporating 0.5 wt% of clay nanoparticles 

fillers led to a significant enhancement of 32% in 

fracture toughness, 30% in flexural strength, and 65.8% 

in flexural modulus. Salahuddin [17] investigated 

the effect of weight fraction and shape of ZnO 

nanoparticles on the thermomechanical properties 

of the PMMA/ZnO nanocomposites. The study 

recorded a notable increase in the ability to withstand 

force with the utilization of ZnO nanotubes. On  

the other hand, the inclusion of ZnO nanospheres 

improved the ability to resist the bending forces. 

Researchers looked into the tribomechanical behavior 

of PMMA that had nano-titania and calcium aluminate 

added to it in different concentrations (1 to 5 vol%) 

and used both theory and experimental methods [18].  
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Rashed et al. [19] study the evaluation of the frictional 

performance of PMMA nanocomposites by the 

addition of hybrid nanomaterials such as graphene, 

SiO2, and TiO2. When the oxide nanoparticles content 

was increased, the results showed a significant rise 

in wear resistance. The study also found that as the 

filler volume fraction increased, the Young’s modulus, 

toughness, hardness, and compression strength all 

got better over time. It’s worth to mention that the 

tribological characteristics such as wear resistance 

and coefficient of friction are improved. Huang et al. 

[20] study the strengthening of PMMA by including 

various amounts of carbon nanotubes (CNTs), which 

led to a significant decrease in its friction coefficient 

and an enhancement in its resistance to abrasion. 

Nevertheless, the extensive utilization of CNTs is 

mostly constrained by aesthetic factors. Another 

investigation is performed by Ablawa et al. [21], 

various proportions of TiO2/ZnO nanoparticles (NP) 

additives were added to PMMA, resulting in a 

decrease in both wear and coefficient of friction as the 

NP content and sliding period increased. Ali et al. [22] 

enhanced the strength of both cold- and hot-cured 

PMMA by using multi-walled carbon nanotubes 

(MWCNTs). The hot-cured resin exhibited good wear 

resistance and hardness as the loading of MWCNT 

increased to 0.3 wt%. Moreover, there was a significant 

reduction in the coefficient of friction for both cold- 

and hot-cured PMMA. 

Cellulose, the predominant organic biopolymer in 

nature, is abundant in various sources such as cysts, 

wood, algae, bacteria, and plants. It exhibits various 

shapes and possesses advantageous properties, such 

as a high elasticity, excellent crystallinity, and a large 

aspect ratio. Hence, nanocellulose compounds are 

extensively utilized in several industries including 

textiles, paper-making, medicines, and cosmetics 

[23–26]. Manmade nanocellulose could be categorized 

into two primary categories: cellulose nanofibers 

(CNFs) and cellulose nanocrystals (CNCs). Both 

types include the utilization of a traditional cellulose 

extraction method to remove non-cellulose components 

from the original lignocellulosic material. Commonly, 

carbon nanofibers (CNFs) are produced by high-energy 

mechanical techniques like ultrasonic vibration, 

high-pressure homogenization, and grinding [27, 28]. 

Both CNFs and CNCs, extracted from sources such 

as rice straws, are natural polymer materials that 

possess non-toxic properties, as well as high specific 

strength and stiffness. Consequently, they are highly 

effective components in the fabrications of composites, 

specifically in eco-friendly biopolymer composites. 

Alhavaz et al. [29] investigated the application of 

nanocrystalline cellulose as a strengthening additive 

for dental materials. The study examined the strength 

and hardness of PMMA, in which the nanocrystalline 

cellulose was added at different concentrations ranging 

from 1 to 5 wt%. The inclusion of nanocrystalline 

cellulose by 2.5 wt% led to the enhancement in Vickers 

hardness by 13% and strength by 16%. In addition, 

the incorporation of cellulose and hydroxyapatite in a 

50% proportion enhanced its mechanical performance; 

for example, hardness, compressive strength, and 

flexural strength/modulus [30]. This enhancement in 

the properties indicates nanocrystalline cellulose 

appropriateness as additive for dental restorative 

materials. Nevertheless, it is important to acknowledge 

that employing nanomaterials at elevated loading 

ratios can result in increased expenses. Consequently, 

researchers suggests using nanopartricles additives 

in a suitable content, particularly at low weight 

fractions below 1 wt% [31]. 

The major purpose of this study is to examine how 

adding small amounts (0 to 0.8 wt%) of cellulose 

nanocrystals (CNCs) affects the mechanical and 

tribological behavior of PMMA. A comprehensive 

manufacturing method for CNCs derived from rice 

husk is carried out. The mechanical properties, 

including hardness, relative toughness, elongation, 

yield strength, and the elasticity, are investigated. 

The proposed nanocomposites are rubbed on a disk 

made of stainless steel as part of the tribological 

testing. In order to deep understand the experimental 

results, an FEM is created to examine the contact 

stresses produced throughout the tribological   

tests. The current study utilizes a comprehensive 

methodology, including experimental tests and finite 

element analysis to precisely assess the impact of 

CNCs on PMMA. In addition, the cellulose nanocrystals, 

nanocomposites, besides the surfaces tested for 

friction are analyzed using XRD and SEM to evaluate 

their morphological and structural characteristics. 
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Consequently, the effects of low concentrations    

of CNCs on both the mechanical behavior, wear 

properties, and wear mechanism of PMMA are 

performed. 

2 Materials and methods 

2.1 Materials and fabrication process 

This investigation utilized self-curing acrylic resin 

that was obtained from a Spanish company Protechno 

Famadent S.L.U. Denture plates made of acrylic can 

be repaired and relined with the help of this tailored 

resin. The resin is ideal for dental applications since 

it cures naturally, without the use of heat or other 

curing agents. Both partial and full dentures can be 

hydro-flasked. The package comes in two components: 

a white PMMA powder with a 1.18 g/cm3 density, 

serving as the main polymer, and a transparent 

MMA liquid with a 0.94 g/cm3 density, acting as the 

monomer. 

On the other hand, the initial step in the extraction 

process of the cellulose nanocrystals involved 

subjecting the rice husk (RH) to a comprehensive 

washing regimen. Specifically, the husk underwent a 

meticulous series of 2‒4 washes with distilled water. 

This rigorous washing procedure was designed to 

effectively eliminate impurities and water-soluble 

substances adhering to the rice husk fibers. 

Subsequently, the washed RH was undergoing 

air-drying for a duration of more than 12 h to ensure 

the removal of any residual moisture. Moving on  

to the extraction of cellulose nanocrystals (CNC), a 

multi-step protocol was followed. Firstly, an alkali 

treatment was employed to eradicate lignin and 

hemicellulose from the RH fibers. This involved the 

utilization of 30% sodium hydroxide with a carefully 

measured raw material to liquor ratio of 1:10. The 

mixture underwent mechanical stirring for a duration 

of 4 h by boiling at a temperature of 100 °C. This 

alkali treatment was repeated twice to enhance the 

effectiveness of the process. After the treatment, the 

obtained material was subjected to washing with 

distilled water, followed by air-drying at 50 °C for 

an additional 12 h. In the subsequent phase, a 

bleaching process was introduced into the extraction  

procedure. This entailed the use of 2% hydrogen 

peroxide (H2O2) with a material-to-liquor ratio of 1:30, 

conducted at a pH value of 9. The bleaching 

operation involved mechanical stirring for 4 h at 80°C. 

Following the bleaching process, the material 

underwent repeated washing with distilled water 

using a vacuum pump, and further purification was 

achieved through Buchner filtration. The final step in 

this phase involved drying the material at 50 °C for 

12 h in an air-reverberatory furnace. The next step  

in the extraction process involved acid hydrolysis, 

conducted at a temperature of 45 °C. A 64% (w/w) 

solution of sulphuric acid (H2SO4) was pre-heated for 

40 minutes under continuous stirring. The hydrolyzed 

substance was subsequently washed and separated 

through a centrifugation process at 10,000 rpm  

and 10 °C for 10 min. It is noteworthy that this 

centrifugation step was iterated 10 times to ensure 

thorough separation. Following this, the resulting 

suspension underwent a prolonged dialysis process 

against distilled water over several days, aimed at 

achieving a consistent pH within the range of 5–6. 

The obtained suspension was then subjected to 

sonication at 40 kHz for a duration of 30 minutes 

before being refrigerated to arrest the reaction for 

subsequent utilization. Figure 1 illustrates a schematic 

for the CNC production process.  

In order to produce the nanocomposite specimens, 

the calculated amounts of the PMMA and CNCs 

powders were weighed to achieve certain weight 

ratios ranged from 0 up to 0.8 wt% of CNCs with a 

step of 0.2 wt%. Afterward, the mixed powders were 

milling together using a ball milling machine for   

10 minutes to ensure that the CNCs were evenly 

distributed into the PMMA raw material. Subsequently, 

the MA liquid monomer was introduced at varying 

weight ratios of solid to liquid, spanning from 5   

to 3.5. The weight of the final solid powder was 

obtained by adding together the weights of the PMMA 

and CNCs powders. Subsequently, the ball milled 

powder and the MMA were blended manually at 

30 °C and 35% relative humidity. After attaining a 

viscous and malleable texture, which usually takes 

approximately 20‒30 s of mixing process, the viscus 

liquid was molded into a cylindrical die of 25 mm in 

height and 8 mm in diameter. It was then compressed 
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using a pressure of 15 MPa. After the duration of 1 h, 

the obtained consolidated nanocomposites underwent 

complete solidification and were subsequently 

removed from the molds. The process was conducted 

following the guidelines and instructions provided 

by the PMMA manufacturer. The PMMA/CNCs 

samples with different weight fractions of CNCs 0, 

0.2, 0.4, 0.6, and 0.8 wt% were represented as CNC_0, 

CNC_2, CNC_4, CNC_6, and CNC_8, respectively. 

Figure 2 illustrates a schematic flowchart of the 

fabrication process of the nanocomposite samples. 

2.2 Testing and characterization 

Diverse methods were employed to evaluate the 

chemical, physical, mechanical, and tribological 

characteristics of PMMA/CNCs nanocomposite 

samples. The chemical compositions in the current 

investigation of the CNCs and PMMA were analyzed 

using XRD technique. Furthermore, XRD was utilized 

to analyze the chemical composition of the PMMA/ 

CNCs nanocomposites. Regarding the CNCs powder 

extracted from rice husk, FTIR and TGA were utilized 

to identify and confirm the chemical structure and 

characteristics of the prepared CNCs. In addition, 

SEM was employed to identify the morphology of 

the extracted CNCs. 

The experimental measurement of the densities  

of PMMA/CNCs nanocomposites was conducted 

using Archimedes’ principle [32]. The PMMA/CNCs 

nanocomposite samples weight was measured in both 

 

Fig. 1 Schematic flowchart of the CNC fabrication process. 

 

Fig. 2 Schematic flowcharts of PMMA/CNC nanocomposite production process. 
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air and alcohol as a floating fluids. Subsequently, the 

density was then calculated by using Eq. (1): 

  s air
alc airPMMA/CNC air

s air s

s

alc

m

m m
   

 

   


     (1) 

where 
PMMA/CNCs

 is the measured densities of the 

PMMA/CNCs nanocomposites in g/cm3, 
alc

 is the 

density of the alcohol in g/cm3, 
air

 is the density  

of air in g/cm3, s alc
m  and s air

m  are the PMMA/CNCs 

nanocomposites masses in grams, in alcohol and in 

air, respectively.  

The nanocomposite densities were determined   

5 times for each corresponding nanocomposite 

specimen and the average value was estimated to 

ensure accuracy and reliability of the experimental 

results. 

In order to evaluate the mechanical characteristics 

of PMMA nanocomposites containing small weight 

fractions of cellulose nanocrystals, cylindrical samples 

of 8 mm in diameter and 16 mm in length were 

fabricated according to the guidelines of the standard 

ISO 604 Plastics [33]. The hardness of the PMMA/CNCs 

nanocomposites was measured by applying a 

measured load of 5 ± 0.5 kg using tester of the model 

shore D durometer working in a dwell period of 

15 s, according to the standards ASTM D2240 [34]. 

Hardness measurements were performed five times 

at various points on the nanocomposite surface; 

then, the mean value was determined. Subsequently, 

an Instron 5582 Microtester, a computer-controlled 

servo-hydraulic universal testing machine (Instron, 

University Ave, Norwood, USA), was used to conduct 

the compression tests. The stress–strain curves acquired 

from these experiments facilitated the extraction of 

crucial mechanical parameters, such as the elongation, 

toughness, yield strength, and elasticity. The mean 

values for all measured properties for each 

corresponding nanocomposite were calculated using 

experimental measurements by considering standard 

deviation. 

The friction and wear behavior of PMMA/CNC 

nanocomposites were assessed in a controlled 

environment with no lubrication conditions at 28 °C 

temperature and 55% humidity. This was done 

employing a pin-on-disk reciprocating tribometer, 

stroke of 25-mm, according to the ASTM G99-95  

standards guidelines [35], as displayed in Fig. 3. The 

PMMA/CNC samples serve as the pin of the tribometer 

and were fabricated with dimensions 8 mm in diameter 

and 20 mm in length. The tribometer pen, PMMA/ 

CNC nanocomposite sample, was in contact with a 

rectangular stainless-steel disc and underwent sliding 

motion. The objective of this experiment was to 

replicate real-life situations in which PMMA is 

utilized as restorative material in dental, imitating 

the rubbing that occurs against PMMA in various 

teeth inside the mouth [36]. In addition, the study 

specifically investigated the tribological behavior that 

occurs when PMMA nanocomposites contact with 

steel equivalents. This research was prompted by cases 

when parents utilize crowns made of stainless steel to 

protect teeth of their children from being decay [37]. 

The stainless-steel disc exhibited a surface roughness 

of 0.025. Prior to each experiment, the disk surface was 

cleansed utilizing acetone and to ensure nothing of the 

acetone still in the surface, the surface was dried using a 

heat gun to eradicate remaining adhered contaminants. 

In addition, PMMA/CNC nanocomposite samples  

 

Fig. 3 Reciprocating tribometer.  
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underwent ultrasonic washing at 40 kHz and drying 

before testing. A steady 0.4 m/s frictional speed was 

used throughout the tribological testing, and a range 

of normal loads were applied, 2, 4, 6, 8, and 10 N. 

Wear was determined by assessing the variance in 

nanocomposites specimen weight before the frictional 

test and after finishing the experiment. To ensure 

accuracy and reliability, each frictional test was repeated 

5 times under the same conditions. Subsequently, 

mean values and standard deviations were computed 

for a comprehensive analysis of the results. Following 

the completion of frictional tests, the morphology of 

the surfaces that were rubbed was analyzed using 

SEM microscope of model JCM-6000Plus, JEOL, Japan. 

The surface of each sample was coated by sputtering 

with a tiny layer of platinum prior to scanning in 

order to improve its conductivity. 

3 Results and discussion 

3.1 CNC and PMMA/CNC nanocomposites 

investigations 

XRD technique was utilized to identify the crystalline 

behavior of the cellulose fibers which were isolated 

from the RH. The XRD data, as depicted in Fig. 4, 

vividly illustrates the crystalline structure of the CNC. 

This crystalline structure is attributed to the hydrogen 

bonding interactions between CNC molecules, resulting 

in a highly crystalline configuration, aligning with 

findings in Ref. [38]. The discernible impact of the 

chemical treatment applied to the natural RH is  

 

Fig. 4 XRD for (a) cellulose [38], and (b) the prepared CNC. 

evident in the XRD results, indicating a notable 

influence on the crystallinity of the produced CNC. 

The observed narrow peaks in the diffractive pattern 

of CNC signify a rise in crystallinity of the cellulose 

fibers. This enhancement in crystallinity is expected 

correlated with the high stiffness and rigidity in the 

extracted CNC, subsequently contributing to its overall 

strength. A distinctive characteristic diffraction peak 

is identified at 2θ of 22o, corresponding to the (100) 

crystalline plane orientation. The intensity scattered 

by the amorphous component exhibits the lowest 

intensity at a diffraction angle of around 2θ of 19°. 

This nuanced XRD analysis provides a comprehensive 

understanding of the crystalline properties and 

structural characteristics of the prepared cellulose 

nanocrystals. 

The prepared CNC extracted from the RH was 

investigated by FTIR. Figure 5 reveals consecutive 

discernible peaks that provide insights into the 

molecular composition. Notably, these peaks highlight 

the presence of the C‒H bonding and hydroxyl O‒H 

group within the CNC structure. Peaks at 1,639 and 

3,436 cm−1 are corresponding to the characteristic 

vibrations of C‒H and O‒H groups, respectively. The 

presence of additional peaks, such as those at 1,639 

and 3,436 cm−1, may be due to the presence of the 

H‒O‒H hydrogen bonding with water of the moister 

content of the CNC remained from the extraction 

process. This can be attributed to residual cellulose 

components that may not have been completely 

isolated during the chemical treatment and the 

bleaching processes which applied to the sample. 

These peaks contribute to a more comprehensive 

understanding of the water absorption characteristics 

associated with the CNC extracted from the original 

rice husk. Furthermore, specific peaks at 1,037 and 

825 cm−1 provide valuable information about the 

CNC structure. These peaks are indicative of the C‒H 

stretching and vibration of C‒O bonding, offering 

insights into the cellulose component’s structural 

arrangement. 

The TGA of the extracted CNC, depicted in Fig. 6, 

unveils a distinctive weight loss pattern primarily 

occurring below 100 °C. During this phase, the 

principal change is attributed to the loss of the  

water content by vaporization, a consequence of the 



8 Friction  

 | https://mc03.manuscriptcentral.com/friction 

 

hydrophilic nature inherent to lignocellulose fibers. 

Notably, the extent of weight loss is directly linked to 

the initial humidity ratio of the produced CNC. By 

rising the temperature, specially starting from 254 °C, 

the weight losses escalate to 64%. This observed 

increase in weight loss indicates a decrease in the 

thermal stability of the induced CNC. This reduction 

in stability is attributed to the presence of 

hemicellulose, lignin, and pectin in the chemical 

composition, which contribute to the evolving weight 

loss characteristics. Beyond 400 °C, the weight losses 

in the material become more pronounced, primarily 

due to the presence of carbon content within the 

fibers’ cellular structure. This detailed analysis of the 

TGA data provides a complete understanding of the 

thermal degradation behavior of the prepared CNC, 

shedding against light on the contributing factors to 

weight loss at different temperature intervals.  

Figure 7 illustrates the morphology of CNC along 

with the production process. In Fig. 7(a), the untreated 

RH fibers exhibit a smooth surface attributed to the 

presence of lignin, which bonded the bundles of 

cellulose together by ester fibers. Notably, the smooth 

surface indicates the cohesive properties of the 

untreated fibers. Upon subjecting the RH fibers to 

alkali treatment, as demonstrated in Fig. 7(b), there  

is a noticeable increase in surface roughness. This 

alteration in surface texture suggests a successful 

modification induced by the alkali treatment, 

potentially indicating the removal of non-cellulosic 

components and the enhancement of fiber structure. 

Figure 7(c) portrays the impact of bleaching using 2% 

H2O2 on the RH fibers. The bleaching process results 

in the separation of fibers into smaller bundles, and 

some bundles further disintegrate into individual 

fibers. Additionally, the fibrous diameter of the 

bleached RH experiences a significant reduction, 

approximately 96%, compared to the average untreated 

fibers (around 185 μm). This reduction in fiber 

diameter underscores the efficacy of the bleaching  

process in eliminating non-cellulosic components and 

refining the fiber structure. 

 

Fig. 5 FTIR spectrum of the prepared CNC. 

 

Fig. 6 TGA of the prepared CNC. 
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The transmission electron microscope (TEM) analysis 

of the CNC was used to identify the dimensions of 

CNC, as presented in Fig. 8. The examination unveils 

nanoparticles characterized by a diameter spanning 

from 15 to 20 nm. This careful scrutiny contributes to a 

comprehensive comprehension of the morphological 

alterations within RH fibers as observed through 

SEM. Additionally, it delineates the nanoscale 

dimensions attained in the CNC via TEM, serving as 

a testament to the efficacy of the purification and 

processing methodologies applied in this study. 

XRD was also utilized to identify the chemical 

composition of PMMA/CNC nanocomposites, as 

shown in Fig. 9. The PMMA sample displayed two 

prominent, wide XRD peaks with low intensity at 

14.1° and 30.6°, showing its amorphous characteristics 

[39]. The presence of these peaks was likewise 

detected in all of the PMMA/CNC nanocomposites 

that were produced. The observed peaks are agreed 

with the outcomes studies stated by Hashem et al. [40]. 

The X-ray diffraction (XRD) patterns of the PMMA/CNC 

nanocomposites indicated an amorphous structure,  

 

Fig. 8 TEM image of the prepared CNC. 

 
Fig. 9 XRD pattern of the prepared PMMA/CNC nanocomposites 
with different wt%. 

suggesting that the addition of CNC did not influence 

the structural characteristics of PMMA and that no 

chemical interactions took place between CNC and 

PMMA. 

3.2 Density and hardness of PMMA/CNC 

nanocomposites 

The densities of the produced PMMA/CNC 

nanocomposites were determined as presented in  

Fig. 10. An incremental rise in the density of the 

nanocomposite was observed when the content   

of the added CNC increased, particularly by 5% 

corresponding to 0.8 wt% of CNC. The slight rise in 

the density is probably due to the low content of 

the added CNC, which did not surpass 0.8 wt%. The 

slight variation in the density of the nanocomposite 

samples ensures that lightweight PMMA remains 

widely applicable [41], including its utilization in 

dentures. 

 

Fig. 7 SEM of the CNC during the production process at different locations. (a) The untreated RH fibers, (b) the untreated RH fibers 
after alkali treatment, and (c) the untreated RH fibers after the bleaching process. 
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Figure 11 illustrates the change in nanocomposite 

hardness based on the change in the addition of CNC 

content, revealing a gradual increase with the increase 

of CNC weight percent. The sample CNC_8 showed 

the highest increasing in the hardness value of (89.7 

D index), reflecting a 1.24% increase in comparison 

with CNC_0 (88.6 D index). The nanocomposite 

hardness is influenced by the intermolecular bonds 

strength between the CNC nanoparticles reinforced 

phase and the PMMA matrix phase. The observed 

enhancement can be attributed to the homogenous 

distribution of CNC nanoparticles within the PMMA 

[42], promoting a sufficient interface that consolidates 

resistance against shear stresses and improves 

transferring of the applied load [43]. These findings 

emphasize that the low CNC loading can develop  

the mechanical behavior of PMMA, in contrast to  

the higher loading of the added CNC nanoparticles 

which may be agglomerated in the matrix by increasing 

the air gaps and porosity impeded in the PMMA  

matrix and deteriorate the material properties [44]. It 

is noticed that the enhancement in the nanocomposite 

properties remains relatively small which could be 

attributed to the low weight content of CNC in the 

nanocomposites. 

3.3 Compression strength of CNC/PMMA 

nanocomposites 

A compression test was applied to assess the proposed 

PMMA/CNC nanocomposites load-carrying ability. 

The aim was focused on the study of the compressive 

properties which were achieved by adding CNC with 

a low content to the PMMA. The stress-strain curves 

were plotted during compression experiments, as 

shown in Fig. 12. The addition of CNC at various 

low content to the PMMA clearly resulted in a 

considerable change in the compression strength of 

the nanocomposites which resulted an improvement 

in the compressive characteristics of PMMA, when 

compared to pure PMMA. 

 

Fig. 10 Effect of the CNC addition on the density of the PMMA/CNC nanocomposites. 

 

Fig. 11 Effect of the CNC wt% on the hardness values of PMMA/CNC nanocomposites. 
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PMMA is known for its inherent brittleness and as 

it is commonly used as a denture foundation material, 

it is regularly exposed to compressive forces. Hence, 

it is imperative to assess the compressive characteristics 

of PMMA/CNC nanocomposites. Figure 13 displays 

the mean values of the observed yield strength   

and Young’s modulus. It shows a clear correlation 

between an increase in the weight percentage of 

CNC and an elevation in the Young’s modulus. The 

elastic modulus of PMMA rosed as the CNC content 

increased up to 0.8 wt%. The elastic modulus of 

CNC_4 (2.6 GPa) rose by 43.2% compared to CNC_0 

(1.8 GPa). Moreover, the compressive yield strength 

exhibited a consistent rise when the CNC nanoparticles 

were loaded, resulting in a 43.24% increase for CNC_4 

in comparison to CNC_0. Unlike previous research 

reporting the impact of incorporating a large amount 

of nanoparticles into PMMA, which found a decrease 

in compressive yield strength [45], these findings 

demonstrated that using a small amount of fillers  

can actually improve the mechanical properties.   

The observed rise in compressive yield strength 

can plausibly be ascribed to the existence of CNC 

nanoparticles in close proximity and evenly dispersed 

inside the PMMA matrix. The CNC nanoparticles 

possess the ability to absorb compressive loads and 

efficiently disperse them. Furthermore, while subjected 

to compression, the nanoparticles and polymer 

matrix aspersed the applied stress. The presence of 

reinforced nanoparticles in the composite material 

facilitated the repairing and prevented the crack 

propagations through the body of the sample, hence 

increasing its overall strength [46]. Nevertheless, it 

is crucial to acknowledge that this rise in strength 

may potentially influence the ductility of the 

nanocomposite material. 

Figure 14 illustrates the comparative fracture 

toughness and ductility of the PMMA/CNC nano-

composite compressed sample. An enhancement  

in the ductility was observed after loading 0.8 wt% 

CNC nanoparticles, resulting in an increase up to  

3% compared to CNC_0. Indications imply that the  

 

Fig. 13 Change in the Young’s modulus and the yield strength 
of the PMMA/CNC as a function of the CNC wt%. 

 

Fig. 14 Relative toughness and ductility of the PMMA/CNC as 
a function of the CNC wt%. 

 

Fig. 12 Stress–strain curves of the PMMA/CNC nanocomposites with CNC wt%. 
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incorporating of CNC can convert the PMMA matrix 

from a brittle to a ductile material. The enhanced 

ductility might be ascribed to the energy absorption 

by CNC nanoparticles when subjected to compressive 

stresses loads, hence restricting crack propagations [47]. 

Additionally, the PMMA/CNC samples demonstrated 

better fracture toughness compared to CNC_0, 

possibly attributed to the inherent brittleness of the 

CNC_0. This suggests that CNC nanoparticles function 

as impact modifiers, enhancing the ability to undergo 

ductile fracture. Furthermore, a correlation among 

the CNC content and the ductility and toughness 

performance was observed, as these qualities are 

contingent upon the bonding between the PMMA 

matrix and the CNC reinforced nanoparticles.   

The enhanced toughness and ductility of the 

nanocomposites can be ascribed to the minimal weight 

percent of the CNC nanoparticles. The incorporation 

of substantial quantities of the added fillers 

nanoparticles might diminish fracture toughness by 

compromising the uniformity of the mixture and 

undermining its strength [48]. According to previous 

report by Chow et al. [49], the presence of excessive 

weight fractions can significantly reduce fracture 

toughness. Hence, the mechanical behavior of the 

PMMA matrix is considerably affected by a particular 

filler content. 

3.4 Wear and friction properties 

In order to evaluate the impact of addition of low 

content of CNC on the friction coefficient of PMMA/ 

CNC nanocomposites, the produced nanocomposite 

specimens were tested against a stainless-steel 

counterpart. This rubbing was done under a range of 

applied loads, varying from 2 to 10 N. The sliding 

distances ranged from 120 to 600 m, with 0.4 m/s 

sliding speed. The mean friction coefficient was 

measured. Figure 15 displays the mean friction 

coefficient obtained by the friction between PMMA/CNC 

nanocomposites and the steel counterpart under 

varying normal loads and sliding distances. Generally, 

the coefficient of friction exhibited an elevation 

accompanied with the rising normal load across all 

composites. The CNC_6 nanocomposite recorded a 

0.38 friction coefficient for a load of 2 N, which is 

36.8% lower than the friction coefficient recorded  

 

Fig. 15 Variations of PMMA/CNC nanocomposites friction 
coefficient with the change of normal loads and sliding distances. 

when 10 N load was applied (0.52). As the normal 

load increases, the friction process produces more 

heat, which in turn causes the friction coefficient to 

increase. The creation of heat in this process has the 

effect of making the polymeric sample more pliable 

and causing swelling and delamination in the contact 

area between the surfaces that are being rubbed 

together [50]. The study that was carried out by 

Chang et al. [51], revealed that the friction coefficient 

increased as the temperature of the contact area 

during the test increased, particularly when the 

load increased. Additionally, CNC_8 nanocomposite 

exhibited the lowest friction coefficient compared with 

the other nanocomposites under various loadings. 

The friction coefficient of CNC_8 nanocomposite 

under a load of 6 N was measured to be 0.38, which 

is 34.8% lower than the friction coefficient of CNC_0 

(0.51) with the same applied load of 6 N. 

On the other hand, as shown in Fig. 15, it is clear 

that as the sliding distance increased, the friction 

coefficient decreased. The CNC_4 nanocomposite 

demonstrated a friction coefficient of 0.38 when 

sliding over a distance of 600 m, which is 26.3% 

lower than the friction coefficient observed for a 

sliding distance of 120 m (0.48%). This pattern for the 

effect of the addition of the CNC was consistent for 

the nanocomposites, with CNC_8 nanocomposite 

exhibiting the lowest coefficient of friction at various 

sliding distances. The reduction in the coefficient 

of friction can be assigned to the smoothing of the 

surfaces of the sample caused by extended rubbing 

and abrasion against the counterpart. Additionally, 

CNC_8 nanocomposite exhibited improved mechanical 

properties, specifically in terms of load-carrying 

capacity. This improvement in load-carrying capacity 
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also leads to a decrease in the friction coefficient. 

In order to evaluate the extent of wear in the 

produced nanocomposites, the specific wear rate was 

investigated for both pure PMMA and PMMA/CNC 

nanocomposites under various loads and sliding 

distances. The measurements were conducted at   

0.4 m/s sliding speed, and the findings are displayed 

in Fig. 16. The specific wear rate reduced as the 

content of the reinforced nanoparticles increased, 

indicating that this drop in the value of the wear rate 

may be related to the mechanical behavior of the 

nanocomposites. The CNC_8 nanocomposite exhibited 

a specific wear rate at a load of 10 N lower than 

CNC_0 nanocomposite by 5.22%. It is evident that 

the PMMA nanocomposites exhibited enhanced 

strength as the concentration of nanoparticles 

increased. Consequently, the cohesive bonds between 

the PMMA matrix and the CNC nanoparticles 

reinforcements prevented the deterioration of the 

nanocomposite surfaces during the friction experiment, 

thereby improving their ability to withstand wear. 

Moreover, the high wear resistance of the fabricated 

PMMA/CNC nanocomposites can be related to the 

increment in the hardness of the nanocomposite 

resulting from the addition of CNC nanoparticles [52]. 

On the contrary, an increase in the applied load 

substantially raised the specific wear rate. The CNC_2 

nanocomposite exhibited a specific wear rate at 

applied load of 10 N higher than that at 2 N by 5.3%. 

This is mainly related to the delamination formation 

by the friction energy resulting from the high relative 

movement with the contacted surfaces. The elevated 

temperature had an impact on the region where  

the PMMA nanocomposite was in contact, causing  

 

Fig. 16 Change of PMMA/CNC nanocomposites specific wear 
rate (×10-3 mm3/(N·m)) with the change of normal loads and 
sliding distances. 

the surface to become softer and resulting in a 

considerable rise in both the specific wear rate and 

the formation of sliding layers. Furthermore, Fig. 16 

demonstrates the impact of the sliding distance   

on the particular wear rate of the PMMA/CNC 

nanocomposites. The specific wear rate is slightly 

reduced as the sliding distance increased. The limited 

impact can be ascribed to the reduction in shear 

resistance among the contacted surfaces caused by 

the transfer of PMMA layers to the counterpart. 

The decrease in the coefficient of friction and specific 

wear rate may be due to the enhanced load-resisting 

ability of the produced nanocomposites by the 

incorporation of CNC. The load-resisting ability 

could be assessed by estimating the initiated stresses 

on the surface of the nanocomposite during the 

tribological test [53]. Hence, the current investigation 

involved building an FEM that can simulate the 

tribological experiment. This was accomplished by 

employing an ANSYS explicit dynamics package, as 

illustrated in Fig. 17. The stainless-steel disk has been 

designed in the form of a parallelogram with 120 mm 

in length, 30 mm in width, and 10 mm in thickness. 

The PMMA/CNC nanocomposite specimen was 

represented as a pin with 8 mm in diameter and 

15 mm in height. The interaction between contact 

surfaces was considered to be frictional to compute 

the resulting stresses during the tribological test. The 

software tool automatically produced the corresponding 

meshes using hexahedron and tetrahedron shapes, 

resulting in a total of 1,810 nodes forms 282 elements. 

The PMMA/CNC nanocomposite was constrained in 

the x and y axes and subjected to a load of 10 N along 

the z-direction. The program was provided with the 

experimentally derived mechanical parameters of the  

 

Fig. 17 FEM of the friction experiment. 
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various nanocomposite samples. The selected material 

for the counterpart was stainless steel, which moved 

back and forth with 0.4 m/s constant speed and had a 

distance of 40 mm between each movement. 

Figure 17 illustrates the dispersion of contact 

stresses throughout the PMMA/CNC nanocomposite 

specimen surface. The stress localized near the 

periphery of the surface, most likely as a result of the 

direction of the friction. Figure 18 demonstrates that 

the inclusion of CNC resulted in a decrease in the 

equivalent stress on the nanocomposite surface. The 

observed results can be ascribed to the proven 

enhancement in the nanocomposites strength, resulting 

in a higher ability to bear loads and, consequently, a 

lower friction coefficient [54]. Figure 18 also shows the 

shear and frictional stresses produced as a function 

to the content of CNC nanoparticles added. The 

graph demonstrates a decrease in stress levels as the 

filler content increases, indicating a decrease in the 

friction coefficient [55]. Figure 16 illustrated that   

the wear rate throughout the rubbing experiment 

improved as the weight percent of CNC increased. 

The thickness of the worn layer was obtained using 

finite element analysis, as demonstrated in Fig. 18, 

demonstrating concurrence between simulated and 

practical outcomes. An increase in the CNC content 

caused a decrease in shear and frictional stresses on 

the surfaces of the sample. As a result, the thickness 

of the worn layer reduced, which contributed to a 

lower specific wear rate of the nanocomposites. 

To acquire a deeper identification of the wear 

properties of the PMMA and PMMA/CNC 

nanocomposites, the surfaces of the worn samples 

were examined by using SEM, as shown in Fig. 19. 

The worn surface of CNC_0 nanocomposite displays 

significant wear debris and extensive peeling caused 

by the ploughing of its worn surface, demonstrating 

the deterioration of the worn surface. The degradation 

resulted in a significant rise in the specific wear 

rate, while the presence of big debris weakened the 

material, resulting in an increase in shear resistance 

and thus elevating the determined coefficient of 

friction [54]. In this situation, the delamination 

mechanism is the predominant wear mechanism. 

Moreover, the surface of the specimen has a rough 

texture, indicating a tendency for the surface to break 

easily and leading to a low level of toughness. The 

SEM analysis of the remaining composites containing 

cellulose nanocrystal (CNC) nanoparticles exhibited a 

rather smooth surface, characterized by the presence 

of minuscule wear debris. This demonstrates that the 

inclusion of CNC nanoparticles improved the strength 

of the surfaces of the samples, resulting in a reduction 

in both the specific wear rate and friction coefficient 

of the nanocomposite, even when the reinforced CNC 

nanoparticles were added in low content. 

The surface of CNC_2 nanocomposite exhibits 

signs of damage commencement and the onset of 

peeling propagation. The presence of 0.2 wt% CNC 

led to a wear mechanism characterized by fatigue 

 

Fig. 18 Equivalent, shear, and frictional stresses generated on the PMMA/CNC samples surface and the wear layer thickness. 
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and delamination. The addition of CNC nanoparticles 

at a weight percent of 0.4 wt% resulted in a partially 

smooth sample surface and reduced peeling, 

suggesting a shift in the wear mechanism towards 

micro-plowing. Raising the CNC content to 0.6 and 

0.8 wt% resulted in an augmentation of both the 

bonding strength and hardness of the nanocomposite 

components. This led to an improvement in the 

interfacial adhesion among the PMMA and the CNC. 

This facilitated the efficient transmission of stress and 

enhanced the durability of the surface. Consequently, 

the CNC_6 and CNC_8 nanocomposites surfaces 

images reveal the presence of few numbers of cracks 

and debris on the composite surface, resulting in a 

decrease in the nanocomposite specimen’s friction 

coefficient and specific wear rate. 

4 Conclusions 

This work examines the effects of the addition of  

low content of CNC nanoparticles on the PMMA,   

a material frequently utilized in dentures, on the 

mechanical and tribological characteristics of the 

resulting nanocomposites. Attaining a homogeneous 

distribution of nanoparticles within the PMMA matrix 

is of utmost importance, and the ball milling process 

was utilized to accomplish this objective. The results 

suggest that the incorporation of low content of 

nanoparticles has a negligible impact on the density 

of the PMMA composite, therefore maintaining its 

inherent lightweight characteristics. An increase in 

the hardness of PMMA nanocomposite by 1.2% is 

found, which can be attributable to the small amount 

of CNC added. The augmentation of CNC nanoparticle 

concentration from 0.2 to 0.8 wt% results in a 

progressive enhancement in Young’s modulus and 

compressive yield strength by 43.2% and 43.24%, 

correspondingly, in comparison to pure PMMA.  

The fracture toughness of the 0.8 wt% PMMA 

nanocomposite increases by 90%. When low-loading 

CNC nanoparticles are added, the friction coefficient 

decreases by 34.8% and the wear resistance improves 

under different normal loads and sliding distances, 

as observed in tribological tests. Finite element 

research indicates that a small proportion of CNC in 

the load increases the capacity to carry the load  

and decreases the levels of stress and thickness of  

the wear layer. Analysis of worn surfaces reveals a 

shift in the wear mechanism and reduced wear 

characteristics when the weight fraction of CNC 

nanoparticles increases during friction. 
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