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ABSTRACT 

The cellulose derivative Hydroxypropyl Methylcellulose (HPMC) has recently been extensively studied and 

used in mechanical applications. However, the softness and susceptibility to deformation of HPMC limited its 

further applications. In this study, metal nanoparticles (nano-aluminum and nano-copper) and nano-metal 

oxide particles (nano-alumina and nano-copper oxide) were used as additives to HPMC to form a composite 

film with improved mechanical properties, particularly load capacity. The addition of high levels of additives 

provided a higher load capacity. Among the nano-additives used in the study, Cu (2 wt.%) provided the 

composite with the highest load capacity, improving the load capacity of pure HPMC by 250%.  The surface 

treatment of strengthening additives is an important step. Adding specific high-strength and high-modulus 

metal and metal oxide additives to the soft HPMC matrix can effectively improve the load-bearing capacity of 

the composite material. This study proposes a simple evaluation method for the load-bearing capability of the 

coating as well. 
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1. INTRODUCTION 

The development of polymer–nanoparticle composites has been ongoing since the 1900s. As 

nanoparticles tend to have a large number of surface defects and strong Van der Waals forces, their 

incorporation into polymers often increases strength and resistance to pressure and wear. Currently, many 

domestic products have been improved through the use of polymer–nanoparticle composites. For instance, the 

mechanical properties of vulcanized rubber are significantly improved by the incorporation of carbon black, 

zinc oxide, and magnesium sulfate. The binding of carbon black to the elastomer matrix leads to the formation 

of a carbon gel with a networked structure [1], [2], which increases the tensile strength, hardness, and wear 

resistance of the rubber product. At present, nearly all tires, conveyer belts, and rubber hoses are made from 

composites containing carbon black. Many researchers have sought to design polymer–nanoparticle 

composites that could be used as engineering materials, but a multitude of obstacles have emerged during this 

process. One of the key challenges faced by researchers is the difficulty of creating a uniform dispersion of 

nanoparticles within an elastomer matrix without causing aggregation using cost effective methods. Several 

studies attributed the mechanical improvement caused by the addition of inorganic particles to a polymer to 

various reasons. Although inorganic nanoparticles innately possess high stiffnesses, the stiffness and Young’s 

modulus of the composite actually depends on stress transfer between the matrix and additive [3]. If there is an 

effective path for stress transfer from the matrix to the additive, the additive can then significantly improve the 

mechanical properties of the composite. However, aggregation increases the effective size of the nanoparticle 

additive and thus nullifies the size effect and surface effect of the additive. Furthermore, the weak bonding of 

the aggregates to the matrix causes defects that weaken the mechanical properties of the composite [4], [5]. 

Therefore, designing effective and practical nanoparticle dispersion methods is important for the further 

development of polymer–nanoparticle composites [4]. 

Composites based on biopolymer matrices have become very important in recent years [6], [7]. Due to 

their low density, excellent biocompatibility, ubiquity, and environmental friendliness, biopolymers have been 
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applied in a wide variety of areas, including sustainable manufacturing [8], [9], dry tribological coatings [10], 

[11], anti-corrosion coatings [12], [13], and impact resistant materials. Furthermore, due to the abundance of 

hydroxyl groups on the surface of biopolymers, some biopolymer-based composites are capable of self-healing 

in certain environments [14]. Many biopolymer-based composites, however, have low mechanical strength. 

Therefore, many strength-enhancing additives have been used in these composites, including graphite [15], 

molybdenum disulfide [16], and metal/metal oxide nanoparticles [17]. 

The goal in developing composite materials is usually to enhance a specific property of interest. For 

instance, composites used in machinery usually have enhanced mechanical properties to enable their use as 

protective layers or in anti-wear applications. It is hypothesized that the addition of nanoparticles, which have 

much higher Young’s moduli and maximum tensile strengths than cellulose derivatives, can enhance the 

mechanical properties and load capacity of hydroxypropyl methylcellulose (HPMC) films. However, related 

studies are pretty few. This study's importance lies in providing a composite material fabrication process for 

cellulose-based biopolymer composites. This work proposes a new simple method to measure the load capacity 

of a biopolymer composite.    

 

2. MATERIAL AND METHODS 

The nanoparticle-enhanced HPMC films were prepared in four steps: (1) Preparation of the HPMC 

solution: An 8:2 mixture of 95% ethanol and deionized water (100 g) was heated to 60 °C on a magnetic stirring 

hotplate. HPMC powder (10 g; USP-2910 PHARMACOAT 606, Shin-Etsu, Tokyo, Japan) was added to the 

mixture and then cooled to room temperature while stirring rapidly. After fully dissolving the HPMC powder, 

the solution was transparent and colorless. (2) Preparation of the nanoparticle suspension: Citric acid (SFL 

Beauty & Chem, Tainan, Taiwan) was mixed with nanoparticles (Al, Al2O3, Cu, CuO) in a 1:1 ratio. The 

nanoparticles mixture (0.2 g and 0.4 g) was then dissolved in ethanol (10 g) and then heated to 60 °C using a 

magnetic stirring hotplate. Finally, Span 80 in ethanol was added to the mixture and then ultrasonicated for 10 

min. (3) Preparation of the composite solution: The HPMC solution and nanoparticle suspension were mixed 

in a 1:1 ratio to form a 20 g solution, which was magnetically stirred at 400 rpm. (4) Preparation of the 

nanoparticle-enhanced HPMC film: The composite film was prepared via solution evaporation. The composite 

solution (486 µL) was dropped onto a K2O-B2O3-SiO2 plate (Paul Marienfeld, Lauda-Königshofen, Germany). 

The coated plate was then placed in an environment with a temperature of 25 °C and a relative humidity of 

45% for 6 h. 

The surface morphologies of the composite films were observed via scanning electron microscopy (SEM). 

The indentations and their depths were measured using a 3D laser scanning microscope. The hardness of each 

film was measured by indenting the film using a standardized steel ball indenter (indenter diameter, D = 10 

mm) for 30–60 s, with the load P being varied according to the hardness of the film. After the indenter was 

removed, a microscope was used to measure the two diagonal lengths of the indentation, which were averaged 

to obtain the indentation diameter, d. The Brinell hardness of the film was determined by dividing P by the 

area of indentation. In ISO standards 6506-1 and ISO 6506-2:2005, any measurement of Brinell hardness must 

satisfy the following constraints: (1) The thickness of the specimen must be at least 10 times that of the 

indentation. (2) The center-to-center distance between two indentations must be at least 4 times the indentation 

diameter. (3) The distance between an indentation center to the edge of the material must be at least 2.5 times 

the indentation diameter. Therefore, Brinell hardness tests are only suitable for large specimens. 

 

𝐻𝐵 =
P

𝜋𝐷𝑡
=

2P

πD(D−√𝐷2−𝑑2 )
                  (1) 

 

where P is the load in kg, D is the indenter diameter in mm, and d is the indentation diameter in mm. 

 

 

Load capacity (kgf/mm2) was measured using a modified version of the Brinell hardness test. The 

measurement system is shown in Figure 1. An AISI 52100 chrome steel ball (D = 3/32”) was used as the 

indenter. By varying the weight of the glass bottle, the film was indented with a force of 15 N (1.53 kg) for 3 

min and 20 N (2.04 kg) for 30 s. After the indentations were made, the four corners and center point of each 

specimen were measured. Thereafter, the specimens were indented first and then left to stand for 12 h to avoid 

errors caused by short-term rebounding. A 3D laser scanning microscope was then used to observe the 

indentations. Load capacity was computed from the diameter and depth of the indentations using Equation (1), 

which is a modified formula for Brinell hardness. It was observed that the film piled up at the edges of each 

indentation due to the severe plastic deformation that occurs during the indentation test. As this may affect 

measurement accuracy, indentation diameter and depth were derived from the laser-scanned contour of each 

indentation instead of the direct indentation and length measurements obtained using the microscope. 
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Figure 1: Measurement system for load capacity measurements 

 

3. RESULTS AND DISCUSSION  

Figure 2 shows the surface morphologies of four different HPMC films with different types and amounts 

of additives, and Figure 3 shows the surface roughness of the composite films. As shown in Figures 2 and 3, 

the nanoparticle coverage and surface roughness of the composite films both increase with increasing 

nanoparticle addition. We speculate that these macroscopic changes were due to solvent evaporation during 

the formation of the composite film, which caused some of the nanoparticles to become exposed on the surface 

of the films, forming rough peaks. In formulations where the nanoparticle volume fraction in the solution is 

high, the nanoparticles within the solution may come in contact with each other and aggregate due to the 

decreasing volume of solvent, increasing surface roughness. Generally, the aggregates that formed in the 

HPMC composites with 2 wt.% of nanoparticle additives were larger than those formed with 1 wt.% of 

nanoparticle additives.  

 

 
 

Figure 2: Surface SEM micrographs of the composite films with different types and amounts of 

nanoparticle additives. (a) Al 1%, (b) Al 2%, (c) Cu 1%, (d) Cu 2%, (e) Al2O3 ball 1%, f) Al2O3 ball 2%, (g) 

Al2O3 rod 1%, (h) Al2O3 rod 2%, (i) CuO 1%, (j) CuO 2% 
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Figure 3: Surface roughness of the composite films 

 

Figure 4 shows the width of the indentation marks left by a 3/32” chrome steel indenter after 3 min of 

loading at 15 N on pure HPMC, the HPMC composite films, and a 2.7-mm-thick polypropylene (PP) film with 

a hardness of 8 kgf/mm2. The indentation width of PP and pure HPMC were 496 µm and 508 µm, respectively. 

All of the nanoparticle additives improved the mechanical properties of HPMC, as evidenced by the reduction 

in the indentation width relative to pure HPMC, but in varying degrees. We speculate that this is caused by the 

variations in particle type and size, which results in different levels of surface adhesion. As a result, 

nanoparticle-matrix binding differs from one type of nanoparticle to another. It was also found that for each 

type of nanoparticle, 2 wt.% of nanoparticle addition always resulted in a lower indentation width than 1 wt.% 

of nanoparticle addition. 

 

 
 

Figure 4: Width of indentation on various films (15 N load with 3/32” AISI 52100 chrome steel ball for 30s) 

 

Figure 5 shows the load capacities calculated using Equation (1), based on the widths of the indentations 

formed by a 3/32” chrome steel ball indenter after loading 20 N for 30 s. The load capacity of pure HPMC was 

found to be 9.6 kgf/mm2. The largest improvement in load capacity was observed in the composite film with 2 

wt.% Cu additives. Although the improvement in mechanical performance due to nanoparticle addition does 

depend on the intrinsic mechanical properties of the matrix and the additives, it is more significantly affected 

by the efficiency of stress transfer from the matrix to the additive during loading. Therefore, the interfacial 
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bond strength between the matrix and additive is a more important factor for additive-induced improvements 

to mechanical performance. 

The reason why Cu outperformed the other types of nanoparticle additives could be attributed to the citric 

acid wash during the preparation of the nanoparticle solution. This step reactivates the surfaces of the Cu 

nanoparticles and thus improves their adsorption to the HPMC matrix if their dispersion within the HPMC 

matrix is uniform. Nonetheless, load capacity is generally improved by nanoparticle addition, and such 

improvement commonly increases with the nanoparticle concentration. Therefore, it may be concluded that the 

nanoparticles in the composite film will always bear a portion of the load, regardless of their type. 

 

 
 

Figure 5: Load capacity of the composite films (20 N load with 3/32” AISI 52100 chrome steel ball for 30s) 

 

Figures 6 and 7 show the load curves and load capacities of all of the composite films, respectively. Here, 

the actual contact area between the indenter and film corresponds to the area that exhibits deformed surface 

asperities. Comparing the 2 wt.% composite films with non-additive pure HPMC, it is clear that the latter has 

lower load capacities. Therefore, the actual contact area of the pure HPMC films must be larger than wt.% 

composite films.  

 

 
 

Figure 6: 3D-laser-scanned features of the indentation on two different films (20 N load with a 3/32” AISI 

52100 chrome steel ball for 30 s) 

 

 



Teknomekanik, Vol. 5, No. 2, pp. 90-96, December 2022 

e-ISSN: 2621-8720   p-ISSN: 2621-9980  

95 

 

 
 

Figure 7: Cross-sectional curves of the indentation on each composite film (20 N load with a 3/32” AISI 

52100 chrome steel ball for 30 s) 

 

There is rarely relevant literature discussing the load resistance capacity of biopolymer dry coatings. 

Therefore, the discussion in this study is based on the additive properties' influence on the coating's load 

resistance. The presence of nanoparticles inside the composite film can bear a specific load. Therefore, the 

composite film with a higher concentration has a better load capacity. However, in the same weight percentage 

concentration, the volume percentage of aluminum particles is greater than that of copper particles. However, 

in terms of the material's mechanical properties, copper's yield strength is more significant than aluminum's 

(69 MPa > 35 MPa). Therefore, the copper-additive composite film has a higher load capacity than the 

aluminum-additive composite. Likewise, aluminum oxide has a higher compressive strength than copper oxide, 

so it performs better in the load-bearing capacity of the composite. 

 

4. CONCLUSION  

Various of nanoparticle/HPMC composite films were prepared by adding Al, Cu, Al2O3, or CuO 

nanoparticles to HPMC, with Span 80 as the dispersant. The morphological and mechanical properties of these 

films were then investigated. It was found that nanoparticle addition generally improved load capacity and that 

higher nanoparticle concentrations generally led to higher load capacities. The composite film with 2 wt.% of 

Cu additives showed the largest improvement in load capacity. In all the composite films, the metallic/non-

metallic nanoparticles could bear loads to some extent. The extent to which nanoparticle addition improves the 

mechanical properties of a composite film mainly depends on the nanoparticle-matrix interfacial bond strength. 

However, only a small amount of addition was used in this article, and the effect of more additions is worthy 

of further study. 
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