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Abstract 

The overall objective of this thesis is to develop and evaluate cellulose-based fiber 

composites with added multifunctionality for advanced applications. In the strive 

towards sustainable societies and industries, materials as well as production processes 

need to be assessed against the sustainability criteria and selected accordingly. 

Cellulosic fibers reinforced polymer composites are being increasingly used in 

applications where weight saving, and environmental friendliness are as important as 

structural performance. Nonetheless, these materials have their limitations regarding 

durability and stability of the properties, but their potential in use for advanced 

applications can be expanded if functionalized and considered beyond their structural 

performance. Multifunctionality of composites can be achieved by coating the fibers 

and/or modifying the matrix with functional reinforcement, or by both of these routes 

combined. Coating of fibers and modifying of the matrix with nano-reinforcement are 

two selected approaches for imparting multifunctionality to the cellulosic fiber 

composites in the current study.  

Conductive Regenerated Cellulose Fibers (RCFs) were produced by coating 

commercial RCFs with copper via electroless plating process. Electrical conductivity 

and mechanical performance were evaluated, and the coated fibers were transformed 

into an embedded strain sensor-like assembly that could be used as a structural health 

monitoring system in composite structures. A noticeable degradation in the mechanical 

strength of fibers was realized and it was attributed to the influence of the chemicals of 

the final plating step of process on the chains of cellulose as well as the loss of 

crystalline order in the RCFs.  

In order to obtain modified matrix (nanocomposites) for multifunctional wood 

polymer composites (WPCs), the commercial masterbatches based on graphene 

nanoplatelets (GNPs) were utilized by melt extrusion process. The effect of the 

processing parameters in terms of changing the screw configurations and the change in 

the composition of the constituents on the structure and mechanical performance of the 

nanocomposites were studied.  Results showed that there is an insignificant positive 

effect of the addition of the compatibilizer in comparison with the effect of increasing 

the content of the GNPs in the nanocomposites. Moreover, stronger shear forces did not 

improve the dispersion of the nanoparticles; on the contrary, results suggest an adverse 

effect on the properties compared to the standard processing conditions. The use of 

GNPs with larger aspect ratio resulted in much better improvement in the mechanical 

performance. The addition of the nanoparticles did not only improve mechanical 

performance but also resulted in increased thermal conductivity and thermal diffusivity, 

especially when micro-scale reinforcement was added because of the synergy between 

wood fibers (WF) and the GNPs. This synergy was reflected also in the significant 99% 

improved wear resistance and the >80% reduction in the creep strains of wood and 

graphene reinforced composites compared to neat polymer.  

During the design and selection of materials, quasi-static properties are often used 

as a selection criterion. However, in reality, structures in use are often loaded during 
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lengthy periods of time which are followed by multiple steps of unloading/reloading, 

depending on the service conditions.  In such cases, time-dependent response becomes 

more crucial than instantaneous mechanical response. Typically, characterization of 

these properties requires a lot of time, but it may be significantly shortened if proper 

modeling and analyses are employed. The effect of the addition of GNPs to the polymer 

and to the WPCs has been studied experimentally by short term creep tests. The 

materials showed a highly nonlinear response even at very low stresses, but the addition 

of the nanoparticles resulted in a decrease in the nonlinearity and in the irreversible 

strains due to plasticity. Modeling approaches have been used to extract parameters 

from experimental data that could be used in predicting long term performance using 

Zapas’ model for viscoplasticity and Schapery’s model for nonlinear viscoelasticity.  

Overall, the results of the performed work contribute to enriching the research 

field with the potential the bio-based composites have to offer in the advanced 

application and how nano-scaled reinforcement can interact synergistically with the 

micro-sized fibers to improve the overall performance of WPC under different loading 

scenarios.   
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1. Introduction 

In the time of environmental crisis, every single measure to reduce the negative 
impact on our planet counts. Despite the ongoing awareness campaign against the use 
of plastics (being one of the main planet pollutants), polymer scientists know better that 
these materials cannot be completely discarded as they play an important role in the 
development of societies and their social economy. This is amplified with the rapid-
increasing urbanization where polymers can be in high demands. Instead, there should 
certainly exist several ways to mitigate the negative impact these materials impose on 
the environment and the ecosystem. The ongoing research is progressing intensely 
towards finding alternatives from renewable feedstocks to ease the dependence on 
fossil-based resources. Yet, added value to the largely used plastics through improved 
properties and the use of side-stream resources could be another highly efficient method 
to meet sustainability goals.  

Plant-based (cellulosic) natural fiber reinforced polymer composites (NFPCs) 
have received considerable attention as environmentally friendlier alternatives to 
conventional composites of glass fibers (GF) or carbon fibers (CF) in many 
applications. This is due to their abundance, low cost, and the renewability of their 
resources. When density is taken into account, NFPCs even compete with or become 
comparable in terms of mechanical performance to their conventional man-made 
counterparts. For example, a flax fiber polyester rotor blade is 10% lighter in weight 
than an identical structure made of conventional E-glass composite and is capable of 
retaining its structural integrity under similar normal loading conditions [1]. On the 
other hand, a structural column of flax fiber epoxy composite loses 45% of its 
compression strength when tested after long-term exposure to moisture [2] which 
highlights the lack of durability of these materials under specific operating conditions 
compared to conventional fiber composites. Therefore, there is a need to overcome such 
problems in order to widen the potential for using cellulose-based fiber composites in 
advanced applications and extend their service life. 

In the last two decades, the emergence and development of nanotechnology have 
facilitated the engineering of a new class of polymeric materials with superior properties 
that did not exist before. We could witness a time when plastics were no more insulators 
and surfaces could, in principle, exhibit zero friction. Such materials soon became 
highly attractive for industries seeking opportunities to become more sustainable. This 
could be by elongating service life, reducing the number of parts in a component 
structure, or reducing weight, consequently cutting down on energy consumption. 
These materials are known as multifunctional materials or smart structures.  

So, what happens if we combine the unique properties achieved from the 
lightweight fibers, ease of processing, cost-effectiveness, and environmental benignity 
together with the added functionality from the nano-modifiers (for example thermal or 
electrical conductivity)? Could products such as those presented in Figure 1 be turned 
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into safer electronic casings with heat dissipation and/or electromagnetic shielding 
performance? Or could the decking/roof panels be made more durable by increasing 
their water resistance or adding qualities like self-heating and de-icing without 
compromising their original properties? How far can we go with that? The work in the 
presented thesis is addressing these questions.  

The Thesis falls into two parts: an introductory part (Part I) and a collection of 
the research papers that are appended to it (Part II). In the introductory part, a general 
background to the fundamental concepts is given, followed by a brief literature review 
of relevant work within the scope of the appended papers. Then follows a summary of 
the work reported in the papers with reflections and concluding remarks.  

 

     

Figure 1. Example of products that can benefit from use of multifunctional materials.  

 

1.1. Background  

1.1.1. Cellulosic Fibers for Composite Reinforcement 
Cellulose is one of the most abundant biopolymers on earth as it is the main 

building block in natural plant fibers. It is the component that provides the fiber with its 
structural stiffness due to the linear interconnected chains of glucose. Besides cellulose, 
the chemical structure of plant fibers is composed of hemicellulose and lignin in 
different concentrations from various fiber sources (bast, seeds, stems, etc.). The 
variation of their sources offers a wide range of selectable options for use as 
reinforcement or fillers in polymer composites. Table 1 shows some types of cellulosic 
fibers and their chemical composition together with their reported mechanical 
properties compared to conventional GF. It can be seen that mechanical properties of 
the same type of natural fibers vary within a considerable range of values. This is 
because the properties are affected by the growing region, cultivation and harvesting 
process (among other factors) leading to a large diversity of the chemical composition, 
diameter, and moisture content [3,4]. This variation renders the fibers unfavorable for 
applications demanding stable production. Moreover, plant fibers’ limited length 
(usually short fibers but still with good aspect ratio), sensitivity to moisture and low 
compatibility with the polymer matrix are limiting factors to their utilization in 
advanced composite applications. On the other hand, their biodegradability and 
environmental (and tool) benignity have driven the researchers to overcome the fibers’ 
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shortcomings and increase their value. Advances in the properties have occurred by 
optimizing the harvest time, selection of fibers, and the use of compatibilizers or fiber 
surface treatments. These modifications placed the fibers in a competitive position with 
conventional GF composites in terms of cost and specific properties (see Table 1).  

 

Table 1. Chemical composition and typical mechanical properties of some natural fibers 
commonly used in composites. Compiled [5,6] with permission.  

Fiber 
Density 
(g/cm3) 

Cellulose 
(%) 

Hemicellulose 
(%) 

Lignin 
(%) 

Strength 
(MPa) 

Stiffness 
(GPa) 

Specific 
stiffness 

Hemp 1.4-1.5 74.4 17.9 3.7 550-900 70 40-47 

Flax 1.4-1.5 64.1 16.7 2 800-1500 60-80 45-50 

Jute 1.3-1.49 64.4 12 11.8 400-800 10-30 15-30 

Sisal 1.33-1.5 65.8 12 9.9 600-700 38 17 

Cotton 1.51 82.7 5.7 - 400 12 8 

Coir 1.15-1.46 32-43 0.15-0.25 40-45 220 6 4 

E-glass  2.5 - - - 
2000-
3500 

70 
28 

 

To overcome variations in properties and the limited length of fibers based on 
cellulose, continuous regenerated cellulose fibers (RCFs) were engineered. For these 
fibers, cellulose is extracted from a wide range of natural resources, dissolved in 
chemicals to remove the non-cellulosic compounds, and regenerated into more uniform 
and stable cellulose fibers (transferring the parallel arrangement of cellulose chains in 
the pristine cellulose I to form the anti-parallel arrangement in cellulose II of the 
regenerated form). Extraction and regeneration of cellulose are done by different 
methods, some of which involve hazardous chemicals and solvents, making the low 
environmental impact of RCFs questionable, despite their natural resources. However, 
production technologies of these materials are progressing, and some newer generations 
and modifications of RCFs are assessed to have a better environmental impact than, for 
instance, cotton fibers [7]. Reported elastic moduli of some of these fibers range 
between 9.4 and 41.7 GPa for regular viscose and Bocell, respectively. However, high 
properties are usually associated with fibers carefully produced in the laboratory, as in 
the case of the mentioned Bocell fiber, which is not commercialized [8]. Example 
specifications of the resulted fiber yarns, available under the trade name CORDENKA® 
700 Super 3, produced by the modified viscose process, are reported in Table 2 

 

 Table 2. Properties of commercial RCF yarn CORDENKA® 700 Super 3 [9]. 
Number of 
filaments 
(nominal) 

Linear density 
(g/m) 

Breaking force (N) 
Breaking tenacity 

(kN∙m/kg) 
Elongation at 

break (%) 

1350 2.485 127.9 515 12.2 
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Wood is another source of cellulosic fibers for composite reinforcement. Wood 
polymer composite (WPC) is referred to the composites made by wood flour/fibers 
(WF) in a thermoplastic matrix. The renewability and variability of wood resources 
(original as well as side-streams of forest industry - sawdust) make it a good candidate 
for applications of composites with low cost and high production throughput. The 
apparent physical characteristics and the ease of machining make the uses of WPC 
similar to those of pure wood [10] with the advantage of reduced maintenance. 
Additionally, the use of thermoplastic polymer in its production increases the 
sustainability of WPC by offering recyclability and reusability after disposal. However, 
until now, WPCs are only suitable for non-advanced applications such as interiors for 
the automotive industry or decking and fencing panels in construction. This is due to 
the temperature intolerance and instability of WF (and most natural fibers) over 200 ⁰C. 
For that reason, polyolefins such as polyethylene (PE) and polypropylene (PP) with 
melting points below 180 °C are usually the matrix of choice [11], and extrusion is the 
favorable processing method when producing WPC. These fibers are not continuous 
and could only produce short fiber composites. Besides the two main components in 
WPCs (WF and polymer), additives such as compatibilizers, UV stabilizers, fire 
retardants, pigments, and others, are usually added to improve the performance. This is 
facilitated by the flexibility of the processing method of WPCs. Figure 2 shows the 
cross-section of some fibers discussed above as seen under the microscope.  

 

     

Figure 2. Structure of different types of cellulosic fibers as they appear under the 
microscope in a cross-section view. From left to right: Flax fibers (diameter is around 
35 µm) [12] (reused with permission from Elsevier), RCFs (typical diameter is 12.5 
µm), and a wood particle.  

 

1.1.2. Multifunctional Polymer Composites (MFPCs) 
Polymer composites with hybridized fibers have traditionally been produced by 

combining two or more dissimilar types of reinforcements to balance each other’s 
shortcomings and improve the overall mechanical properties of the composite [13–15]. 
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Despite the positive outcome, this type of synergy does not add a new role to the 
composite in the modern sense of multifunctionality. One can define multifunctional 
polymer composites (MFPCs) that they are made of conventional reinforcements 
hybridized with nonconventional additives (usually in the nanoscale). Such composites 
perform structural roles related to the conventional reinforcement (stiffness, strength, 
and toughness) together with one or more added energy-related functions inherited from 
the characteristics of the nano-modifiers (e.g., saving, transporting, or blocking some 
forms of energy, etc.) [16]. Figure 3a shows the different functionalities expected from 
an MFPC that are of interest to academic and industrial sectors alike. Modifiers from a 
variety of materials (metallic, ceramics, or polymers), forms, geometries (1D, 2D, or 
3D – see Figure 3b), or size scales (nano-, or micro-sized) are available for this purpose. 
Polymer composites possess an ideal structure for the various ways of functionalization 
as it can be achieved by modification of either or both constituents (i.e., fibers, matrix, 
or both) with no or little modification to the processing method. Efficiency of the 
resulting MFPC is dictated by many factors [17] such as the efficiency of the modifiers 
[18], the quality of the composite, the compatibility of the constituents, and the 
formation of the interphases [19].  

 

  
(a)       (b) 

Figure 3. a) Schematic of possible properties that can be achieved in a multifunctional 
material; b) The different geometries of the reinforcements in the nanoscale.  

 

Modification for functional fibers typically occurs in the form of surface treatment 
after the production through coatings [20,21] such as that presented in Figure 4a or 
during the production process when new types of composite fibers are produced (e.g., 
graphene-modified cellulose fibers [22] and graphene oxide modified polypropylene 
fiber [23]). Modification of continuous fibers offers the possibility to decide on the 
directionality of the functional property within the structure of the composite so that it 
can be in the direction of the load or at any angle based on the application demands.  

Unlike surface coating in fibers, modification of matrix for multifunctional 
composites is mainly achieved by incorporating the functional particles within the bulk 
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of the polymer. The aim, in this case, is to form a continuous network of additives 
capable of imparting the functionality to the whole structure (see Figure 4b) with 
maximum efficiency and minimum amounts of additives – this is known as the 
percolation threshold. Some of the modifying particles are, in fact, multifunctional in 
their nature, such as the carbonaceous derivative (e.g., carbon nanotubes (CNTs), 
graphene) as they possess mechanical reinforcement as well as thermal and electrical 
conductivities while having very light weight and corrosion resistance compared to the 
metallic particles. Functionality by blending with electrically conductive polymers has 
also been investigated but is rather challenging [24]. Those polymers are difficult to 
process, and their conductivity is sensitive to the chemical modifications of fibers for 
the fabrication of composite.  

 

   
(a)           (b) 

Figure 4. Functionalization by a) coated man-made cellulose fibers – the inlet at the 
corner shows the cross section of the coated bundle; b) bulk-modified polymer matrix 
[25] (reused with permission from Elsevier). 

 

Polymeric matrix materials are available in two forms, either a thermoplastic or a 
thermoset. Depending on these forms, processing and modification with functional 
additives differ as well. Typical thermoplastic polymers are represented in the polymer 
performance pyramid (Figure 5a) in which the high temperature performing polymers 
are at the top and are also the most expensive ones. Commodity polymers are those 
making up most of the plastic production and the most widely consumed in low-end 
applications. Thermoplastic composites are typically produced through extrusion or 
molding techniques starting with powder or pellet forms of the matrix material. 
Thermoset-based composites, on the other hand, benefit from the low viscosity, the 
liquid state of the matrix material and lend themselves to different techniques such as 
manual spray and hand layup, as well as resin transfer molding and vacuum infusion. 
However, unlike thermoplastics, once they are set, it is not possible to recycle, reform, 
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or reprocess. Each processing method possesses advantages and disadvantages in terms 
of suitability for incorporating additive modifiers successfully and sustainably. Some 
examples of the applications for functional materials are presented in Figure 5b. The 
car is coated with a nano-modified coating for super-hydrophobicity and scratch 
resistance, while the fabric is an electrically conductive functional textile that is able to 
power the attached led lights. Very recently, BMW has showcased a black/white color-
changing car finish that could, potentially, address the problem of heat absorption 
during hot summers or the opposite in cold winters.  

 

    
      (a)                                 (b)  

Figure 5. a) Polymer selection pyramid; b) Example applications of functional materials 
(credit: projeproducts.com and textiletoday.com.bd).  

 

1.1.3. Graphene and Graphite Nanoplatelets  
Soon after the discovery of graphene in 2004 by Andre Geim and Konstantin 

Novoselov (who received for this the 2010 Nobel prize), it was named the wonder 
material and the current era will probably come to be known as the graphene era. 
Graphene is a continuous lattice of hexagonal rings of carbon atoms (see Figure 6a [26]) 
bonded covalently in the SP2 hybridization configuration with one atom in the thickness 
direction. With theoretical tensile modulus as high as 1TPa, intrinsic strength of 130 
GPa, and thermal and electrical conductivities of up to 3000-5000 W/m K [27] and 6000 
S/cm [28], respectively, graphene is superior to all other materials known to date. 
Graphene’s 2D structure offers a unique reinforcing nature due to the significant surface 
area to volume ratio. The first isolated graphene was obtained by mechanical separation 
of graphitic layers using scotch tape [26]. Although successful in producing single-layer 
graphene, the method is impractical for mass production. Methods have later been 
advanced and production is now possible by either growing graphene on a substrate (in 
a technique called chemical vapor deposition - a bottom-up approach suitable for 
fundamental studies [29]) or by separation of the layers using top-down approaches 
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(such as exfoliation of graphite for large productions [29]). The latter approach is more 
efficient and allows the production of large quantities of layered graphene with a 
controlled number of layers by adjusting the parameters. Obviously, the larger the 
number of layers, the lower the quality of the produced materials due to the decreased 
aspect ratio. However, for some applications, multiple layered graphene or nano-
graphite could be used for economical as well as practical reasons. It is worth noting 
that the term graphene is often used in literature and in the research field referring to all 
forms of nano-graphite and sometimes to derivatives of graphene [30] and attention 
should be paid when analyzing and comparing properties from different studies. 
According to the international standard organization (ISO) terminologies for 2D 
materials, up to 10 layers graphitic sheets could still be named graphene. However, this 
convention might not be fully established in the research field or among commercial 
product suppliers.  

Despite the attractive properties provided by graphene, it is facing challenges 
delaying its full utilization and implementation in applications. Van der Waals forces 
exist in the backbone between the layers of the 2D planes and are responsible for 
holding them in the layered structure [17]. Breaking these forces to reduce the number 
of layers is not easy and they tend to stack, and re-stack irreversibly forming graphene 
aggregates with an increased number of layers (Figure 6b) and consequently a decrease 
in performance. Aggregates also lower the chances to overcome the percolation 
threshold needed to create the network for functionalization. Chemical treatment of the 
surface of these particles is one way to overcome this problem.  

 

  
  (a)       (b) 

Figure 6. a) Graphene as imagined in an ideal single-layer structure (Source: The Royal 
Swedish Academy of Sciences, illustration: Jannik Meyer); b) Graphene nanoplatelet 
in a produced polymer composite. 

  



 
Part I  Chapter 1: Introduction 

 

9 

1.2. State of the Art 

1.2.1. Functionalization of Cellulosic Fibers  
A number of studies have been performed to functionalize various types of 

cellulosic fibers with different degrees of success. Metallic particles such as iron and its 
compounds [31–33], silver [34,35], copper [21,36–39], etc., and carbonaceous 
derivatives (CNTs [40–44], graphene [22,45,46]) are among the commonly used 
particles for the followed functionalization routes. Coating with conducting polymers 
on the surface of cellulose fibers by different mechanisms has been thoroughly reviewed 
elsewhere [47]. The functionalization techniques in general can vary between physical 
deposition (such as soaking [33], dipping [41], or sputtering [48]), or chemistry-
involved such as surface grafting and electro- [49] as well as electroless deposition 
[21,36,38,50–52]. Fiber spinning (such as that in the wet-dry spinning of cellulose 
fibers) lends itself to the advantage of using a novel technique in producing composite 
fibers where the functional particles are incorporated within the fiber during the 
spinning process [45,53]. Surface topography (microscopy), surface chemistry (EDS, 
FT-IR, XPS, etc.) are usually studied to confirm the presence and bonding of the 
functional particles. Functional fibers can find myriads of applications, and electrically 
conductive fibers can be used as integrated sensors in textiles or strain gauges to monitor 
crack initiation/propagation and stress/strain behavior in different composite structures 
[38,54], employing simple potential difference. Sheet electrical resistivity (the inverse 
of the conductivity) is commonly measured by the four-probe approach [55].  

J. Kim et al. in [56] produced stretchable cellulose film sensors by spray 
depositing silver nanowires (Ag-NW) on the cellulose. They reported the improved 
conductivity with the increased content of the deposited NW accompanied by an 
increase in the elongation limits. A concentration of 0.2 wt% of Ag-NW resulted in a 
maximum stretchability of 2% and a resistance of 40Ω. The loss of the connected 
conductive path was reported to have been reached at ~5% strain.  

Multi-walled carbon nanotubes (MWCNT) were deposited on the surface of 
viscose fibers by dip-coating process [42]. An aqueous solution containing MWCNTs 
dispersed in surfactants was prepared by sonication for 120 min. The amount of the 
MWCNT deposited was varied by varying the number of dips separated by 30 min 
drying cycles. The authors reported that due to the hygroscopic nature of the viscose 
fibers, the coating process was more efficient compared to coating GF and resulted in a 
continuous network of MWCNTs. Disturbing the network connection by the 
mechanical loading of the fibers altered the piezoelectric response and allowed using 
the fibers as a measure of deformations as can be seen in Figure 7. Compared to GF, 
the useful range for linear strain measurement was higher in the cellulosic fibers (18% 
vs 14.5% for viscose and GF, respectively).  
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           (a)                  (b)  

Figure 7. Functional cellulosic fibers by modification with MWCNT for stress-strain 
sensors. a) quasi-static test; b) cyclic loading test. Figures reused from [42].   

 

Incorporating nanoparticles within the fibers during spinning [45,46,53] has 
shown an increase in the mechanical properties as well as an addition of electrical 
conductivity of a cellulose composite fiber. With the increased amount of the embedded 
GNPs to 2 wt%, electrical conductivity reached 1.6 × 10-4 S/cm which is above the 
electrostatic discharge level [45]. A similar concentration of MWCNTs in cellulose 
composite fiber exhibited a conductivity value of 1.3 × 10−5 S/cm (unmodified) and 4.2 
× 10−4 S/cm (cellulose grafted) [53]. However, it was reported in [53] that for the 
MWCNT/cellulose fiber, a nanoparticle concentration of 6 wt% resulted in an improved 
conductivity (8.0 × 10−3 S/cm compared to the nonconductive cellulose), but further 
addition of MWCNTs caused a reduction in both the mechanical properties of the fiber 
and its electrical conductivity. At 10 wt% reduced graphene oxide (rGO), the electrical 
conductivity was registered to be 9 × 10-3 S/cm [46] with a decrease in mechanical 
properties. This value is not proportional to that reported for 2 wt% GNPs which can be 
the result of the agglomeration of the nanoparticles at high content which is also the 
cause of reduction in mechanical properties.  

Electroless deposition is an important approach to creating metallic layers on a 
non-conductive substrate. The electroless copper deposition defines a reaction of a 
copper salt in the presence of a reducing agent in solution, which reduces the copper 
ions to a metallic state and leads to a copper film formation on the substrate following 
the general theoretical reaction below [57].  

 

Cu+2 +2HCHO + 4 OH¯ → Cu° + H2 + 2H2O +2HCO2
¯ 

 

The process is autocatalytic and provides thin coatings (~2-3 µm in 20 minutes 
for the heavy build type of process [57]) with good adhesion and conductivity at a 
relatively low amount of metal. It ensures a continuous conductive layer that can add a 
magnetic property, as well as mechanical support [36]. Lyocell cellulose fabric was 
coated with copper by electroless plating process and a sheet resistance between 16.5–
369.3 Ω/sq. was measured [36]. The variation in resistance values was attributed to the 
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nonhomogeneous layer of copper being deposited on the surface of the fabric. On the 
other hand, it was evident that some points of the crossover between warp and weft 
yarns were not coated properly leading to a loss of conductivity there. Root et al. [58] 
produced conductive cellulose fabric for sensing applications and reported a change in 
the fabric resistance with different loading scenarios. It was reported that under the 
cyclic tensile test, stretching the fabric strip caused the coated yarns to come closer to 
each other increasing the conductivity while relaxing the load caused them to return to 
the initial resistance. After 4 cycles, some permanent damage to the coating layer 
occurred, causing an increase in the resistance even after full relaxation of the fabric. 
Under a flexural test, resistance was increased by 28% after 2000 cycles. A correlation 
between resistance increase with moisture uptake was also observed.  

Most of the research presented above is focused on the functionality and neglected 
investigation of the mechanical performance of the cellulose fibers themselves. In 
composite applications, these properties are crucial for the structural performance. 

 

1.2.2. Identified Challenges in Manufacturing Nanocomposites 
Despite the enormous amount of research conducted on graphene reinforced 

polymers and composites, some fundamental challenges have not yet been overcome. 
Some of the major challenges in the production of nano-reinforced polymers 
(nanocomposites) and conventional composites with nano-reinforcements (multiscale 
composites) are the dispersion and the compatibility of the nanoparticles with the 
polymer matrix, scalability of the process, and the environmental impact. Moreover, 
mechanisms and theories governing composites with conventional micro-sized 
reinforcement may not directly be applicable at the nanoscale. Dispersion plays a vital 
role in the efficiency of the load transfer to the reinforcement and in the formation of 
the connected network for functionality.  

The most widely used processes to produce nanocomposites are solution mixing, 
in situ polymerization, melt compounding/blending and layer by layer assembly [59]. 
Despite the versatility and simplicity of the solution mixing technique, it involves the 
use of toxic solvents and results in the reaggregation of the particles upon the removal 
of the solvent. Strong interaction and good dispersion of the nanoparticles in the 
polymer could be achieved by the in-situ polymerization process, but it has the 
disadvantage of limited possible loading of the nanoparticles due to viscosity build-up. 
The most appropriate process for the industrial production of polymer nanocomposites 
is the melt-blending approach. Advantages are the convenience for the polymer 
production and the possibility of scaling up compared to the previous techniques. 
However, there is a risk of degrading the polymer at elevated temperatures or buckling 
and breaking the nanoparticles by the shear forces required to achieve good dispersion.  

Similarly, several approaches have been followed to overcome the dispersion 
issue based on the process followed for the production of the graphene reinforced 
nanocomposites. Those methods belong mainly to one of the following categories [60]: 
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i) physical separation employing mechanical forces, ii) covalent bonding by oxidation 
and grafting of polymer molecules on the graphene, or iii) noncovalent bonding through 
ion bonds, π-π bonds, or hydrogen bonds, etc. Direct covalent functionalization of the 
reinforcement can be a way to improve the compatibility of graphene/graphene 
derivatives to the polymer. However, the process is slow and relatively expensive and 
might not be directly industrially scalable [61]. Additionally, extensive 
functionalization of the graphene surface results in a loss of some of the desired 
properties such as electrical conductivity by the presence of molecules hindering the 
electron transport path [62,63]. Moreover, the traditional functionalization with 
carboxylic and hydroxyl functional groups works well for the improved 
compatibilization of the polar polymer. On the other hand, grafting of polymer segments 
is used to improve the graphene compatibilization with poor polarity polymers such as 
high-density PE (HDPE) [64]. Nevertheless, the technique has been reported to enhance 
the mechanical properties and barrier properties of polar polymers by improving to 
some extent the interface between the polymer and the reinforcement [65].  

HDPE/GNP composites were prepared in the presence of a compatibilizer in melt 
extrusion and results showed a significant increase in the mechanical properties at high 
GNP loadings [61]. The presence of a compatibilizer not only improved the properties 
of the resulted nanocomposites but also showed a potential to obtain these properties at 
less fierce processing parameters that is both energy efficient and cause less wear to the 
tools [66]. The viscosity of the blend, temperature, mixing time, and shear rates are 
factors influencing the dispersion of the nanoparticles in the polymer in a melt blending 
process. Those are usually defined by changing the configuration of the extruding screw 
or other processing parameters [67,68]. A morphological study on a polymer reinforced 
with GNPs prepared by melt mixing showed that the addition of kneading elements 
improved the exfoliation and helped breaking down the GNP agglomerates along the 
extruder [69]. However, very high shear forces and extended residence time in the 
extruder could cause damage to the polymer chains or defects to the structure of the 
nanoparticles. The morphological state of the layered nanoparticles in the polymer 
differs following the efficiency of the process. A poor exfoliation results in a 
conventional micro-composite, and a fully exfoliated platelets result in an ideal 
nanocomposite (see Figure 8a). More often than not, the resulting composite would 
contain a mixture of particle dispersion states identified in Figure 8b.  

Using the melt-blending process involves another challenge to produce nano-
polymers if the nanoparticles are in the powder form. Graphene nanoplatelets (and 
nano-scaled reinforcements in general) possess very low bulk density (ratio of the mass 
of the particles to the volume of the untapped powder including the inter-particulate 
void volume). This imposes several problems including difficulty to feed to the 
extruder, risks to inhale fine powders, and shipment and storage challenges [70]. Thus, 
the use of a masterbatch is a scalable more convenient and safer form of reinforcement 
suitable for this technique. 
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          (a)          (b) 

Figure 8. a) Morphological states of nanoplatelets-reinforced polymers; b) Example of 
reinforcement dispersion states in the composites. 

 
Additionally, some processes might introduce orientation to the nanoparticles. 

Planar orientation of the 2D graphene in the polymer results in a high anisotropy where 
the properties are significantly enhanced in the in-plain direction but are less affected 
through the thickness direction. This can be favorable for some applications where 
directional functionalities can be achieved at lower loadings by providing express 
electron or phonon paths [71]. Orientation along the extrusion direction for GNPs 
incorporated in the HDPE matrix showed improved gas barrier properties but reduced 
electrical conductivity in the direction perpendicular to the orientation compared to the 
same combination produced in a solution mixing technique. Thus, the resulting material 
was proposed for use in food packaging applications after addressing issues of reduced 
transparency [72].   

Until now, there is no direct experimental method to quantify with sufficient 
precision the orientation and dispersion of the nanoparticles in the composite. 
Theoretical values of the single graphene sheets are not applicable to use for the 
calculation of a property in the composite. Not only the presence of multiple dispersion 
states of the reinforcement is the reason, but also the presence of a new phase of 
modified polymer with different properties at the large interfaces between the polymer 
and the nano-reinforcement [19] that needs to be evaluated and taken into account.  

 

1.2.3. Performance of Graphene-modified WPC  
In general, research on the graphene-modified WPC is rather scares compared to 

the enormous amount of research on graphene/polymer composites. Improvement in the 
mechanical properties (tensile, flexural, impact, or toughness) upon the addition of 
nano-reinforcement is usually accompanied by additional enhancements in physical 
characteristics (such as thermal stability, morphology, environmental durability), and/or 
some added functionality (thermal conductivity, electrical conductivity, and barrier 
characteristics). However, a new factor of the synergy between the two reinforcements 
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at the different scales is also introduced. A large number of studies have reported a 
successful increase in the thermal conductivity but very marginal improvements in the 
electrical conductivity. Polymers and natural fibers are insulative materials for both 
temperature and electricity (see Figure 9) making it challenging to reverse this property. 
For reference, some of the commercially available heat-dissipating greases have thermal 
conductivities between 1.9 W/mK to up to 9 W/mK. A very recent review by Lukawski 
et al. summarized the work performed within the field of nano-reinforced NFPCs and 
WPCs [73]. The type, size, and dispersion of the used nano-reinforcement have an 
influence on the properties of the reference WPC altering them from a few percent to 
several hundred percent in some cases. Even for the same type of nano-reinforcement, 
the different processes used in the production, the additives, and parameters in these 
processes as well as the initial properties of the reference WPC have resulted in variation 
in the percent improvement. Hence, it is essential that all these differences are 
considered when ranking the success of a composite production.  

 

 
 

 

Figure 9. Ranges of the electrical conductivity values (top); and the thermal 
conductivity values (bottom) for specific applications.  

 

One of the earliest research on WPC reinforced with GNPs is the work by 
Sheshmani et al. [74], in which poplar WF in polypropylene matrix was produced 
utilizing a compounding process followed by compression molding. Maleic anhydride-
grafted PP (MAPP) was used as a compatibilizer in a fixed amount (3 wt%), while the 
amounts of GNPs varied between 0-5 wt%. All investigated properties favored an 
optimum concentration of 0.8-1 wt% GNPs at which the composite was at its best-
improved performance. After that concentration, there was a clear degradation in 
mechanical properties as well as stability of the material in moisture and temperature. 
The authors attributed that to the formation of aggregates at higher concentrations of 
GNPs. Similarly, in [75], Shaharmahali and co-workers used the same grade graphene 
to produce WPC with varying amounts of WF (15 and 30 wt%) at even smaller 
concentrations of GNPs. Their report suggested an optimum GNP content of 0.1 wt% 
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after which mechanical properties were degraded. An increase in the water uptake 
resistance was also reported together with the thermal stability by the effect of the 
torturous routes provided by the layered flakes against water diffusion. However, both 
studies used GNPs with rather small specific surface area (~15 m2/g) and lateral flake 
size (4.5 µm). On the other hand, these amounts are relatively small compared to later 
research where concentrations of GNPs used for the modification of WPC reached up 
to 20 wt% aiming for thermal and electrical conductivities. For example, Zhang et al. 
[76], reported a decrease in the mechanical performance of poplar WF/PE composite at 
the incorporation of flake graphite (FG) and maleic anhydride-grafted PE (MAPE) as a 
compatibilizer using a twin-screw extruder. The prepared composites contained 50 wt% 
WF, 3 wt% MAPE, and varying amounts of the FG between 5-20 wt%. Except for the 
flexural modulus, all the other tested mechanical properties were consistently reduced 
with the increase in the amount of the graphite compared to the reference WPC. 
However, the measured thermal conductivities were increased from around 0.4 W/mK 
for the reference WPC to about twice that number at 20 wt% FG loading. They 
attributed this behavior to the poor interface between the particles and the polymer at 
higher loadings. In [77], HDPE-based WPCs with WF content of 25 wt% and 40 wt% 
were modified with GNPs at loadings between 7.5 wt% and 15 wt% with 1 and 1.5 wt% 
of MAPE as a compatibilizer, respectively. The composites were processed in a twin 
corotating screw extruder followed by compression molding. The enhancement in the 
mechanical properties continued even at high loadings of GNPs. Tensile yield stress 
and modulus of composites with 40 wt% WF and 15 wt% GNPs were increased by 14% 
and 50%, respectively compared to the reference WPC. On the other hand, flexural 
modulus and strength were changed by +58% and -4.5% for the same combinations. 
For composites with 25 wt% WF, the change in tensile properties after 10 wt% GNP 
addition was 55% for modulus and 22% for the yield stress. The change of the flexural 
properties for these composites was 60% and 17% for flexural modulus and stress 
respectively. The improvement in the mechanical performance was accompanied by 
additional thermal conductivity and thermal diffusivity. The registered thermal 
conductivity values for the WPC with 15 wt% GNPs were higher than its 
nanocomposite counterpart (of only polymer and GNP, 1.2 vs 1 W/mK, respectively). 
This is an interesting observation showing the synergy between the different 
reinforcements despite the insulative nature of wood. More recently, Rajan et al. [78] 
produced WPCs reinforced with 20% WF and GNPs with varying concentrations 
between 5-15 wt% and employing melt blending of a masterbatch followed by 
compression molding. The used masterbatch contained 3 wt% of additives including a 
compatibilizer but there is no mention of the exact amount of the compatibilizer in the 
final composites. Tensile modulus was slightly increased (by 14%) at the 10 wt% GNP 
loading compared to the reference WPC, but the tensile strength was decreased with the 
increased amount of the GNPs in the composites with a maximum decrease of 20% 
compared to the reference WPC at a GNP loading of 15 wt%. this was attributed to the 
stress concentrations created by agglomerated nanoparticles. In this work, however, 
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thermal conductivity was not achieved despite the use of less WF content compared to 
the work in [77] at the same loading of conductive filler. On the other hand, electrical 
conductivity was registered at the highest GNP content to be 2.9E+6 Ω/sq. which is 
within the antistatic levels. Once again, the composites with hybrid reinforcement 
showed improved conductivities compared to their single reinforcement type. Despite 
the similarities between the abovementioned work, in the types of the materials 
(polyolefins, GNPs and WF) and the use of the same production technique (melt 
mixing), processing parameters (temperature, screw speed, mixing time) were different, 
leading to very different results and dissimilar optimum concentration of 
reinforcements.  

 

1.2.4. Tribological Performance of Nano-reinforced WPC 
The use of polymer composites as structural components in applications 

demanding friction and wear resistance is increasing rapidly over the years. Some 
polymers possess self-lubricity due to their internal structure, but they exhibit poor wear 
resistance in general and a relatively low load-bearing capacity. Besides, their time-
dependent nature is an important factor for increased complexity in polymers’ 
tribological behavior [79]. Wear mechanisms depend significantly on the test/service 
conditions and any modification in the material’s response to these conditions can 
change the wear mechanism [80] or reduce its severity. Depending on the application, 
the material is required to not only possess acceptable tribological properties but also 
should demonstrate stable behavior at high temperatures or severe conditions [81]. 
Thus, there is a great need to improve this property for the relevant applications. 
Incorporating other phases within the polymer matrix could improve its serviceability 
by tailoring one or both of its tribological characteristics to the specific mating surface 
or the application conditions. 

It is well known that the addition of some additives as solid lubricants to the 
polymer matrix improves the tribological properties [82,83]. On the other hand, the 
addition of fibers to the polymer matrix improves their solid-solid motion contact 
properties [84] and natural fibers are no exception. Yet, studies on the tribological 
properties of NFPCs are limited and the reports available reveal their suitability for 
tribological applications and their comparability to the conventional fiber composites 
as reviewed in [85]. However, the hydrophilic nature of WF and other plant fibers is 
limiting their use in tribological applications where water as a lubricant is used. By 
default, incorporating wood particles in the polymer matrix seals their lumen and 
reduces the moisture uptake by the capillary effect preventing or delaying the 
deterioration of WPC in service. However, defects, friction, and repeated contact with 
other materials expose the wood again and puts the materials at risk of failure. It is of 
great interest then to study the effect of adding moisture barriers within the WPC to 
overcome this problem. 
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While adding fibers to the polymer improves the tribological properties, the fiber 
surface treatment was found to result in further improvement of wear resistance by 
enhancing the compatibility of the composite constituents [86]. Another way to improve 
these properties in NFPCs was investigated by Mantry et al. [87] by modifying the 
matrix with filling particles; namely silicon carbides. The erosion behavior was assessed 
by the erosion rate and the impingement angle at which a peak erosion occurs. They 
concluded that the steady-state erosion resistance was improved upon the addition of 
the particles and the degree of improvement was dependent on the particle loading. 
Besides, the impingement angle was shifted from 60 ⁰C to 75 ⁰C when the fillers were 
added regardless of their amounts. However, the mechanical properties in terms of 
tensile and flexural strengths were reduced. The reduction was attributed to the shape 
of particles that causes stress concentrations within the composite or the poor 
compatibility between the fillers and the matrix. 

A limited number of studies are available on the effect of the addition of graphene 
or its derivatives on the tribological behavior of NFPCs or WPCs [88,89]. The 
improvement in the tribological properties manifests itself not only by reduction of the 
friction coefficient in the steady-state or lowering the wear rate, but also by the time 
taken to reach the steady-state and the mechanism of wear, as can be seen in Figure 10.  

A combined effect of natural fiber treatment and the addition of nanoparticles in 
the matrix was studied by Wei and Liu et al. [90] to improve tribological properties. 
The addition of the nano-silicate was found to thermally stabilize the composite and 
improve its wear resistance by dissipating the generated heat. At the same time, the 
surface modification of the fibers with borax (which is also a fire retardant) resulted in 
enhancing the interfacial bonding between the fibers and the matrix. As a result, the 
material exhibited further increase in thermal stability, wear resistance and other 
mechanical properties. 

 

 

Figure 10. Change in friction coefficient of WPC with 40 wt% WF after addition of 15 
wt% GNPs as solid lubricants. 
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1.2.5. Time-dependent Performance of Nonlinear Materials  
Polymers and many of their composites are generally regarded as inelastic in 

nature under mechanical and environmental loads. They exhibit time-dependent 
responses when subjected to load for extended time. These time-dependent responses 
are influenced by various factors some of which are external depending on the 
service/test condition and loading history and others are inherited from the material’s 
specific nature [91]. Some of these factors are polymer-related like morphology, 
crystallinity, and molecular weight. Others are reinforcement-related such as type, size, 
shape, and concentration. Other factors are related to the compatibility and quality of 
bonding between the polymer and the reinforcement. The compatibility is a 
significantly important factor because weak interfaces between the constituents 
accelerates degradation due to moisture and other external factors resulting in increased 
nonlinearity. Constitutive equations describing the behavior of such materials include 
time as a variable besides the strain and stress. For short fiber composites, especially 
those reinforced with natural fibers this time-dependent response is highly nonlinear 
[92] resulting in nonlinear stress-strain curves and hysteresis loops when under cyclic 
loading-unloading as can be seen in a typical case for neat polymer (HDPE) and a WPC 
in Figure 11.  

 

 
                  (a)               (b) 

Figure 11. Time-dependent response of a) neat HDPE; and b) WPC reinforced with 25 
wt% WF based on HDPE matrix. 

 
This nonlinearity is not only limited to time but also to the level of the applied 

loads and some materials show nonlinear response even at very small stresses [93,94]. 
It has been shown that polymers with nano-reinforcement also exhibit such nonlinear 
behavior [95], but research on the time-dependent properties of these materials is still 
rather limited [95–98] compared to the extensive research on other mechanical 
properties. A creep test is one way to characterize this behavior where the material is 
held under constant stress while creep strains are measured over varying time intervals. 
One of the phenomena which is crucial for the performance of materials over time and 
is a reason for nonlinear behavior is the development of irreversible deformation caused 
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by microdamage or viscoplasticity (VP). Since it is impractical to test materials for the 
real component’s service time (which could be decades), accelerated tests and advanced 
data analysis approaches are followed instead, employing much shorter test times and 
aiming to describe the material behavior with appropriate applicable models.  

The total strain response of a material to a stress ramp can be expressed as in (1), 
where the strains are assumed to be decomposed to VP strains (𝜀 ) and viscoelastic 
(VE) strains (𝜀 ) and both are susceptible to the effect of any form of damage (𝑑) [92].  

 

𝜀 𝜎, 𝑡 𝑑 𝜎 𝜀 𝜎, 𝑡 𝑑 𝜎 𝜀 𝜎, 𝑡     (1) 

 

The damage developed in a composite manifest itself in the reduction of the 
material’s stiffness with the increasingly applied loads, and thus the parameter (𝑑) in 
(1) could be expressed as the ratio between the measured stiffness of the initial 
undamaged state to the stiffness of the material after application of the maximum 
damaging stress as in (2)  

 

𝑑         (2) 

 

where 𝐸  is the initial modulus at the undamaged state and 𝐸 𝜎  is the 
modulus of the damaged material after application of a specific stress 𝜎 . There have 
been discussions of the term’s d exact effect on VP and VE and whether there should 
be independent damage functions for these effects. The results in [99] indicated that 
modeling is more accurate, if the damage function is added to both VE and VP. 
However, there have not been experimental investigations where the damage term was 
separated and analyzed to disprove this assumption. 

A VP model (3) suggested by Zapas et al. [100] has been successfully used to 
describe VP strain development in several materials [101–105].  

  

𝜀 𝜎, 𝑡 𝐶 ∗ 𝑑𝜏∗       (3) 

 

where 𝐶 , m and M are fitting parameters, 𝑡∗ and 𝜎∗ are arbitrarily chosen 
normalization constants which are usually taken as the total creep time and 1 MPa, 
respectively, to simplify the calculations. 

This model has been embedded in Schapery’s model for nonlinear viscoelasticity 
(VE) to describe the development of the VP strains [99]. By such an approach, it has 
been possible to subtract the VP strains from the total strains and analyze pure nonlinear 
VE strains [93,94].  
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Strain response of Schapery’s model for nonlinear VE (an expansion of Gibbs 
free energy in thermodynamics) modified to account for VP strains and damage in the 
one-dimensional case, is presented as: 

 

𝜀 𝑑 𝜎 . 𝜀  𝑔 ∆𝑆 𝜓 𝜓 𝑑𝜏     (4) 

 

In (4), 𝜀  represents the initial elastic strain in undamaged material which, 
generally speaking, might be a nonlinear function of stress. The “Reduced time” ψ is 

introduced as 𝜓 , and consequently 𝜓′ . Parameters 𝑔 , 𝑔  and the shift 

factor 𝑎  are stress invariant-dependent as well as temperature-, humidity-, aging-
dependent functions. When the environmental factors are kept constant, these functions 
are only stress dependent. The transient part of the VE response is characterized by 
ΔS(ψ), which according to the theory by Schapery [106] does not depend on stress and 
has a form of Prony series 

∆𝑆 𝜓 ∑ 𝐶 1 𝑒𝑥𝑝       (5) 

where 𝐶  are constants and 𝜏  are retardation times. Recently such approach has 
been investigated to extend the model into 3D cases [107,108]. 

Schapery has also developed a nonlinear viscoelastic model using expansion of 
Helmholzs’ free energy where VE strain is used as the independent variable [109,110].  
In one-dimensional case, the constitutive law is in the form 

 

σ 𝐸 𝜀 ℎ 𝜀 ∆𝐸 𝜉 𝜉′ 𝑑𝜏          (6) 

 
In (6), 𝐸  is the relaxed elastic modulus and may be a nonlinear function of strain. 

The “reduced time” 𝜉 is introduced as  𝜉  and consequently 𝜉 .  

Parameters  ℎ  and ℎ  and the shift factor 𝑎  are strain invariant dependent. The 
transient part of the viscoelastic response is characterized by  Δ𝐸 𝜉   which does not 
depend on stress and have a form of Prony series  

 

∆𝐸 𝜉 ∑ 𝐸 𝑒𝑥𝑝          (7) 

 
In (7) 𝐸  are constants and  𝜆  are relaxation times. If a region can be found where 

𝐸  is a linear function of the applied strain and ℎ ℎ 𝑎 1, equation (6) is 
reduced to stress-strain relationship for linear VE material. 

The mechanism of altering the time-dependent response by the incorporation of 
nano-reinforcement is best explained by the restricted mobility of polymer chains by 
the effect of rigid inclusions. Incorporation of nano-reinforcements has been shown to 
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reduce the degree of nonlinearity in the VE behavior of the thermoplastic Polyamide 66 
(PA66) where the smaller size of particles was found to contribute to better 
improvement in their creep resistance [111]. Moreover, the shape of particles [112] and 
the volume fraction [113] are reported to influence the creep response of the 
nanocomposites. Among the different carbon nano-additives (carbon black, CNT, and 
graphene sheets), graphene sheets were reported to have the highest positive influence 
on the creep resistance of the host polymer [114,115]. The production route of the 
nanocomposites by the pre-reduction of the graphene oxides as compared to the in-situ 
exfoliation in the polymer composite was found to influence the total creep strains of 
the nanocomposites. This influence is attributed to the changes in the crystalline 
arrangement of the polymer [116]. Improper surface functionalization of the 
nanoparticles could contribute to the creation of a more compliant interface between the 
polymer and the nanoparticles resulting in lower creep resistance than composites 
prepared with untreated particles [117]. Hybrid reinforcement of graphene and carbon 
fibers leads to a significant reduction of the creep strains of polyether ether ketone 
(PEEK), both at low and high temperatures by the effect of increased restriction of chain 
mobility by the two types of fillers [118].  

Conventional models used for the prediction of time-dependent response in VE 
materials are the empirical models such as Norton power law [119] and its modifications 
or constitutive models in which damage accumulations are considered and extensive 
experiments for parametric identification are avoided [120]. However, it is important to 
find models that accurately describe the new class of nano-reinforced materials. Special 
for these nano-reinforcements is the difficulty to disperse them in the resin system (they 
tend to restack and aggregate) for full exploitation of their reinforcing potential. 
Therefore, not all models can work appropriately in describing the behavior of 
heterogeneous materials [121]. Two-step homogenization and an accounting for the 
agglomerated state of the nano-reinforcements were necessary before the models 
proposed by Ali et al. [122] could converge to the experimental values of the creep 
compliance of nanocomposites. Burger’s model and the Weibull distribution functions 
are also used to describe the creep and recovery behavior of the polymeric materials, 
respectively. They have been found to show good agreement when used for fitting 
experimental results of graphene reinforced polymers [118]. Pegoretti et al. [117] 
compared Burger’s model, Kohlrausch-Williams-Watt (KWW) method, and Findley’s 
model on experimental results of creep of HDPE and its nanocomposites and reported 
the obtained fitting parameters. They showed that good fitting parameters were obtained 
from the latest two models and that creep modulus was reduced significantly by the 
effect of nano-reinforcement.  

Some researchers choose to characterize the material under low creep stresses to 
avoid nonlinearity in the response and allow using simplistic models for linear VE such 
as the Burger model [117]. Starkova et al. [123] proposed a generalized power-law 
dependence of the irreversible strains on the total creep strain applied for a wide range 
of materials. They suggest that the residual strains increase with time and applied stress 
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and decrease with the increased amount of the reinforcement following the formula 
𝜀 𝐶 𝜀 , for which 𝜀  and 𝜀  are the irreversible accumulated VP and 

total creep strains, respectively. 𝐶  and 𝑛 are material constants with 𝑛 taking a value 
between 0.7 and 2. However, if applicable to a material, this approach does not provide 
an in-depth understanding of the separate components of the total nonlinear time-
dependent response.  

 

1.3. Research Questions  

From the above discussion, it is evident that a lot should still be done to advance 
the application and utilization of bio-based materials. To contribute to this 
advancement, the research conducted in this thesis is directed toward answering the 
following questions: 

1. How to produce continuous functionalized cellulose fibers suitable for structural 
health monitoring of composites in a simple and scalable approach?  

2. How to produce efficient multifunctional WPCs using GNPs in a simple and 
scalable approach without compromising the mechanical performance?  

3. Do the multiscale, multifunctional WPCs developed in 2 have the desired 
thermal and electrical properties for use in advanced applications? Are these 
composites durable?  

4. How does the synergy between the GNPs and the conventional reinforcement 
impact the properties of the produced WPCs? 

5. How well do the available modeling tools work for quantifying viscoelasticity 
and viscoplasticity of the produced multiscale composites? How should these 
models be modified/developed? What is the effect of the different scales on 
these properties?   
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2. Current Work  

2.1. Summary of the Appended Papers 

Motivated by the aim to increase the attractiveness and competitiveness of bio-
based composites, the overall objective is to design composites based on cellulosic 
fibers with enhanced mechanical properties and added functionalities. The main focus 
is to produce these MFPCs in a way relevant to industrial upscaling both in terms of 
processing and selection of raw materials. Of the highest interest is the added thermal 
and electrical conductivities associated with the structural performance and the 
improved durability. Often when developing materials on the lab scale, special care is 
given to create the best conditions that result in an ideal material. However, once 
upscaled, it is challenging to replicate that quality cost-effectively. Thus, starting with 
commercial materials offers a higher technology readiness level for the designed 
materials with ensured consistent properties. In the following, a summary of the 
research papers reporting the results of the work to reach the abovementioned goals is 
provided. The different concepts and properties investigated within each paper are 
depicted in Table 3, while the full papers are appended in Part II of this thesis.  

In Paper I and Paper II, Cordenka 700 Super 3 fiber bundles were coated with 
copper using commercial packages for electroless plating method to produce continuous 
electrically conductive fibers. In Paper I, an overall evaluation of the process was 
performed, and a study was conducted on the effect of different immersion times in the 
Cu-plating bath on the electrical and mechanical properties of the fibers, including the 
quality of the coating. Tensile tests on single fibers were performed to evaluate the 
stiffness and strength of the plated fibers in comparison with the reference virgin fibers. 
Scanning electron and optical microscopy were used to evaluate the quality of the 
coatings while FT-IR analysis was performed to confirm the presence of the deposited 
copper at all surface activated sites. The results of this study showed great potential for 
success in producing conductive fibers that can be incorporated into functional textiles 
and composites. It was shown that there is an increase in conductivity by increasing the 
immersion time in the copper-plating bath. However, this comes at the cost of losing 
mechanical performance due to the sensitivity of fibers to the chemicals in the process. 
Moreover, the longer the immersion times in the copper plating bath, the more uniform 
the coating on the fibers with a suggested optimum time of 60 min. The significant 
degradation of the mechanical properties provoked the interest to investigate when 
during the process this loss occurs. Therefore, an attempt to identify the cause and 
correlate it to the structure of the fibers was carried out in Paper II. Bundles of the 
fibers were taken out after each step in the process to be studied so that the last sample 
had gone through all the steps in the process. The bundles were studied by tensile test 
to evaluate their mechanical performance and by Raman Spectroscopy and differential 
scanning calorimetry to evaluate the structural changes. Counter to initial expectations, 
the last stage of the plating process (the plating stage) rather than the surface activation 
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step was found to be the most damaging to the fibers. The fibers were found to lose the 
crystalline order in the cellulose chains. However, the plated copper on the surface of 
the fibers has contributed to the partial retention of the stiffness of the bundles. It was 
also demonstrated that despite the reduction in the mechanical properties, embedding 
coated bundles in a polymer matrix allowed using them as strain sensors. The electrical 
resistance of conductive bundles varied following the changes in applied external loads. 
Two types of loading scenarios were applied, a cyclic loading-unloading test at different 
maximum strains and a creep-like loading. The optimum recommended volume fraction 
of the sensor-like bundles to incorporate in conventional composites of GF and CF was 
provided through simple theoretical calculations.  

Following the study on conductive fibers, the work focuses on the production of 
nanocomposites that can be used as a matrix material for multifunctional, multiscale 
WPCs (Paper III and Paper IV). PE is known for its large production volume and its 
domination in the plastic industry which is why it has been selected to study here. It 
possesses relatively high mechanical properties combined with chemical inertness as 
well as low cost - qualities highly sought in industrial applications. HDPE and Linear 
Low-density PE (LLDPE) in the form of pellets were selected as matrix materials. Two 
PE-based masterbatches with edgily functionalized carbon nanoplatelets were used as 
functional additives. The two masterbatches differ in the number of layers of the 
nanoplatelets and the average diameter of their flakes. As a micro-scale reinforcement, 
the WF was used (a sawdust of spruce and pine). The materials were manufactured 
using the conventional polymer processing technique in co-rotating twin-screw 
extruders.  

In Paper III, a study was performed to optimize the selection of polymer grade 
and processing parameters for optimum mechanical performance. The effect of varying 
the ratios of constituents and the screw configuration on the tensile and flexural 
properties and thermal stability of the produced nanocomposites was studied. The 
studied parameters were i) the standard vs strong shear forces in the extruder, ii) the use 
of the compatibilizer, and iii) the variation in the ratio of the content of compatibilizer 
to the content of the nanoplatelets in the composites. The results showed that the edge 
functionalization of the nanoparticles (by the supplier) was sufficient to produce high-
performing nanocomposites without the need for further addition of compatibilizer. 
Properties of the composites made with strong shear forces exhibited a slight reduction 
in the mechanical performance. The best performing nanocomposites were those 
produced with a standard configuration in the extruder and without the addition of the 
compatibilizer. Thus, in Paper IV, the optimized parameters were used to manufacture 
nanocomposites, WPCs (micro-composites), and WPCs reinforced with GNPs 
(multiscale WPCs) based on the HDPE matrix with different content of WF and GNPs 
from the two masterbatches. Mechanical as well as functional thermal properties were 
studied and the effect of the GNPs and synergy of reinforcements at different scales on 
these properties were evaluated. As anticipated, the mechanical properties were 
significantly increased upon the addition of the GNPs, and the masterbatch with the 
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largest aspect ratio of the particles contributed to the better improvement. The 
multiscale composite experienced improved durability and thermal conductivity and 
thermal diffusivity at a high concentration of GNPs.  

As the low durability of polymers and WPCs is one of their major disadvantages, 
this property was studied in terms of moisture effect (Paper IV and Paper V), wear 
resistance in tribology (Paper V), and time-dependent performance under creep loading 
(Paper VI and Paper VII). The effect of moisture on the flexural performance of the 
materials was investigated in Paper IV on samples conditioned at 100% relative 
humidity (RH). The effect of the addition of the GNPs to reduce the moisture impact 
was also discussed. The moisture resulted in a reduction in the flexural properties and 
alteration of the failure mechanisms, but the presence of GNPs contributed to mitigating 
that effect by acting as barriers against the diffusion of vapor molecules. In Paper V, 
selected nanocomposites and multiscale composites were tested in a Pin-on-Disc 
tribometer against a stainless-steel counter surface. Wear rate and coefficient of friction 
in dry and saturated states in different humidity levels (33% and 79% RH) were 
evaluated. Microscopy of the pin and counter surface to investigate the wear 
mechanisms have also been performed. The results showed a significant improvement 
in the wear resistance of the polymer at the addition of any of the reinforcements. 
However, the synergy of GNPs and WF resulted in more than 98% reduction in the 
volumetric wear rate at all tested conditions compared to neat polymer. Further on, 
creep resistance and permanent deformations (irreversible strains) have been addressed 
in Paper VI and Paper VII, by performing short-term creep tests and multiple loading-
unloading tests. With these tests, the effect of the GNPs, as well as the synergy of the 
reinforcements at the different scales, on the time-dependent performance was 
evaluated. The effect of loading history on the time-dependent response was also 
discussed. Results showed a significant reduction in the creep strains and the VP strains 
by the restricted chain mobility upon the addition of the rigid nanoparticles.  

Lastly, to further increase interest in cellulose-based composites, it is essential to 
find theoretical models that could describe their behavior so that selecting them for a 
particular design and application is made easier and more reliable. Most of the interest 
is currently directed toward investigating and modeling the quasi-static performance of 
these relatively new materials and rarely on the time-dependent response. Since 
materials, in reality, are seldom used under the quasi-static type of loading, 
understanding time-dependent behavior and deformation of the material under cyclic or 
prolonged loading is essential.  Thus, the final part of the work, presented in Paper VI 
and Paper VII, deals with analyzing the time-dependent performance of the nano-
reinforced HDPE (Paper VI) and WPC and multiscale WPC (Paper VII). Available 
tools to separate and study the viscoplastic and viscoelastic responses were applied. 
Experimental data from the short-term creep test were used to extract parameters to 
model the long-term behavior. This was achieved by investigating the applicability of 
Zapas’ model in describing the development of viscoplastic strains. All studied 
formulations followed this model in the creep stresses below the damage initiation 
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stress. Subtracting the VP strains from the total experimental strain using this model 
resulted in pure VE strains that could further be analyzed. Nanocomposites, WPC, and 
multiscale WPC showed nonlinear VE response as was evident by the creep compliance 
curves even at low applied stresses. Modeling of the VE response was thus performed 
using Schapery’s models for nonlinear viscoelasticity. Simulation of the full response 
of the materials was carried out using the extracted parameters and validated with an 
independent experimental test. Challenges in modeling highly nonlinear materials and 
heavily reinforced composites were also identified and highlighted.   
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2.2. Author’s Contributions 

Paper I 

Zainab Al-Maqdasi (first author) contributed to the article by participating in 
discussions for the development of the concept, single fiber testing, performing 
microscopy, participating in discussions for analyzing and interpreting the results, 
writing the manuscript, and supervising students’ projects related to some of the fiber 
characterizations.  

Paper II 

Zainab Al-Maqdasi (first author) contributed to the article by participating in the 
conceptualization of the work and executing the majority of the experiments and 
microscopy, leading the discussions for interpreting the results, and writing the 
manuscript.  

Paper III 

Zainab Al-Maqdasi (first author) was involved in planning the work, performing 
the surface investigation, thermogravimetric analysis, and statistical analysis as well as 
supervising students involved in mechanical testing (e.g., planning the experimental 
program, monitoring progress and validating results). She was involved in all the 
discussions on the results, planned and wrote the manuscript. 

Paper IV 

Zainab Al-Maqdasi (first author) contributed to the article by designing/planning 
the experiments, analyzing results, writing the manuscript, and supervising students 
during the performance of the tests (planning the overall experimental program, 
monitoring progress and validating results).  

Paper V 

Zainab Al-Maqdasi (first author) contributed to the article by participating in the 
planning of the experiments and supervising the student in performing the material 
characterization (setting up experimental program, monitoring progress, validating 
results). The first author performed the analysis of the results and wrote the manuscript. 

Paper VI 

Zainab Al-Maqdasi (first author) contributed to the work by assisting in the 
supervision of students performing the creep tests (training, planning experiments, 
validating results) and in performing the necessary complementary tests. The author 
contributed to restructuring the original draft of the manuscript and the analysis and 
interpretation of the results. 

Paper VII 

Zainab Al-Maqdasi (first author) contributed to the article by supervising 
(training, planning experiments, validating results) the students performing the tests, 
analysis of the results, and extracting the modeling parameters used in the simulations 
as well as writing the manuscript.  
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3. Conclusions and Future Outlook 

3.1. Concluding Remarks  

For the bio-based composites to be used in advanced applications, they have to 
show better mechanical performance and more interesting qualities that could make 
them suitable for the role. The work reported in this thesis is aimed at development of 
multifunctional composites with increased durability and structural performance in a 
simple and scalable way by functionalizing the constituents: cellulose-based fibers and 
matrix. With such characteristics, cellulose fiber-reinforced composites could be used 
in modern sustainable, energy-efficient, smart structures such as self-deicing floors, 
anti-snow accumulating roofs, or self-monitoring composite structures.  

Several studies have been performed to answer the research questions proposed 
earlier in the thesis. Based on these investigations and the obtained results, an answer 
to the specific questions is provided herein. In general, the designed materials and 
selected approaches resulted in very well-performing bio-based composites with 
promising multifunctional properties and potential for use in advanced applications. 
Thus, it may be concluded that the main objectives of the thesis have been achieved. 

In particular, the following answers were formulated to the stated research 
questions: 

  

1.  How to produce continuous functionalized cellulose fibers suitable for 
structural health monitoring of composites in a simple and scalable approach?  

 

The electroless copper plating process was selected to functionalize man-made 
cellulose fibers for its simplicity, relatively short treatment times, and the possibility to 
integrate within the production lines of the fibers. When embedded in a composite, the 
conductive fibers can respond to the applied loads, and their electrical resistance 
changes accordingly. When damage is initiated in the structure, the conductive paths 
are interrupted and resistance increases, signaling the state of the structural health. 
Coating bundles rather than single filaments is more favorable as coated fibers in the 
bundle can support each other when they break rather than losing conductivity at the 
instance of the single fiber failure. A similar approach is currently available by the use 
of optical fibers in GF or CF composites, but copper-coated cellulose bundles have 
diameters closer to that of the conventional bundles and, in principle, do not act as 
defects provided that they have good adhesion to the matrix. These conclusions are 
based on the results from Paper I and Paper II.  

 

2. How to produce efficient multifunctional WPCs using GNPs in a simple and 
scalable approach without compromising the mechanical performance?  
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Pre-dispersed, edgily functionalized GNPs in a form of masterbatch pellets were 
used to produce the composites. This form of material can be directly added in the 
conventional polymer processing techniques without the need for process modification 
and is suitable for large throughput applications. The functionalization of the particles 
eased the need for using the compatibilizer to achieve good compatibility between the 
composite constituents. This in turn, resulted in a remarkable increase in the mechanical 
performance of the composites. as seen from results in Paper III and Paper IV.  

 

3. Do the multi-scale, multifunctional WPCs developed in 2 have the desired thermal 
and electrical properties for use in advanced applications? Are these composites 
durable?  

 

Besides the improved mechanical performance of the composites, addition of the 
selected amounts of GNPs has resulted in an added thermal conductivity and improved 
thermal diffusivity. However, desired electrical conductivity was not possible to 
achieve based on the produced compositions. This could be due to the high crystallinity 
of the matrix material where large crystalline structures might be blocking the electron 
transport path. Compression molding of the extruded material could result in a thin 
polymer layer at the surface in contact with the mold shielding the conductive particles 
and contributing to the increased sheet resistance of the material. Nevertheless, the 
materials possessed improved moisture durability and remarkable resistance to wear 
and creep deformation rendering them multifunctional. These conclusions are based on 
results of Paper IV, Paper V, Paper VI, and Paper VII.  

 

4. How does the synergy between the GNPs and the conventional reinforcement 
impact the properties of the produced WPCs? 

 

Mostly, a positive synergy was found between the GNPs and the WF with some 
challenges to be addressed. Multiscale composites of two reinforcements have shown 
improved results compared to the single reinforcement composite where the presence 
of WF contributed to the formation of better network of the nanoparticles resulting in 
an increase in the thermal conductivity and thermal diffusivity. The same effect has 
been found for the creep and wear resistance where the multiscale composite showed 
superior behavior to that of the nano- or micro-composite. This has been explained by 
the scaffold-like structure provided by the WF to create an improved network of the 
particles. However, homogeneity of the produced short fiber, randomly oriented 
composites is one of the most challenging aspects especially when dealing with 
multiscale reinforcement with different polarities. Properties differ while moving from 
the bulk macro scale to the more localized scales where assuming homogeneity might 
introduce errors in the interpretation of the results as discussed in Paper IV, Paper V, 
and Paper VII. 
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5. How well do the available modeling tools work for quantifying viscoelasticity and 
viscoplasticity of the produced multiscale composites? How should these models be 
modified/developed? What is the effect of the different scales on these properties?   

 

The available tools used to analyze the viscoelasticity and viscoplasticity were 
very accurate in describing the behavior of the multiscale composites when damage is 
not introduced. Identifying the relevant modeling approach is a great step forward to 
allow further analysis and material design. In their current form, the models could not 
correlate the fitting parameters to the varying amount of the reinforcement. However, it 
was shown that the nanoparticles have a larger impact on the VP strains at the lower 
stress levels while at higher stresses WF were more effective in improving the time-
dependent response. It could also be concluded that the addition of the GNPs could 
overcome the practical limits of reinforcing with the conventional materials while 
further increasing their durability. The followed procedure allowed separating the 
effects of viscoplasticity from viscoelasticity and studying them independently with the 
evaluation of the role of each reinforcement on them. The specific conclusions are 
drawn in Paper VI and Paper VII. 

 

Overall, the studies within this thesis have addressed the design of multi-
functional constituents of the composite opening possibility to design materials with 
desired performance (mechanical and physical). The employed methodologies to 
characterize and model the behavior of the multi-functional composites proved to be a 
very useful tool in the future development of such materials. Thus, the current thesis is 
of interest to the academic community as well as the industry in their effort to develop 
new advanced materials for future sustainable society. 

3.2. Outline for Future Work 

Despite the encouraging results of the current work, it has generated more 
questions and ideas that have not yet been answered and explored. For example, an 
assembled structure of the two types of the produced functional composites could result 
in the combined functionalities. The materials are good candidates for bio-based 
sandwich structure of electrically conductive man-made continuous fibers with a core 
of thermal conductive WPC. The use of bio-based HDPE for the production of the 
composites increases the sustainability of the produced materials since this polymer 
possesses identical structure and mechanical properties but a renewable origin.    

The large database of experimental characterization results produced in this work 
could be used to expand the theoretical investigations. For example, the composites with 
very high content of fibers are likely to develop micro-damage and thus demand for 
accounting for the damage parameter in the modeling of the time-dependent 
performance to widen the range of the loads under which the models are applicable.  
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3.3. In Scope of the 2030 SDGs: Sustainability of the Thesis Work 

As the world is fighting the uncontrolled climate change and working towards 
more sustainable societies, we researchers, more than others, should bear in mind the 
sustainability goals. We should consider the impact of the research we perform and how 
each in our own ways can contribute to increasing the awareness about sustainability. 
In this section, an attempt is made to evaluate the overall impact of the work enclosed 
in the thesis with respect to the European Sustainable Development Goals (SDG) and 
recommend ways and practices to improve the outcome. By no means this is considered 
a comprehensive analysis, but rather a kick-off activity to implement the sustainability 
analysis in more aspects of our research. In 2015, the United Nations has set 17 SDGs 
with some target measures to be met by 2030 globally. These goals are shown by their 
distinctive icons in Figure 12.  

 

 

Figure 12. The 17 Sustainable Development Goals to be met by 2030. 
 

An analysis tool is available at https://sdgimpactassessmenttool.org/en-gb to help 
evaluate different projects and cases for their impact against these goals and create a 
summary visual map for the assessment. The work presented in this thesis has been 
assessed critically utilizing this tool. Results of the assessment are presented in Table 4 
and discussed briefly herein.  

The direct impacts of the project are mainly positive, covering two broad goals of 
sustainable cities (goal 11) and responsible consumption and production (goal 12). 
Thermally regulated houses/buildings made of renewable materials could contribute to 
developing sustainable cities. Especially for countries where these cellulosic fibers are 
available, the production of advanced materials would enhance the economy and 
societal development. The possible utilization of materials in the lighter transport 
system and less energy consumption renders them more affordable to larger groups. By 
using thermoplastic materials in the production of composites, it is possible to promote 
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recyclability and reusability. The addition of the nanoparticle has a positive impact on 
the improved durability of the material and consequently on the products made of them 
and hence reduce replacement and implementation of a new component. On the other 
hand, in its proposed state, the use of plastic from fossil-based sources is impacting 
sustainability negatively. Moreover, if not restricted to side streams and waste fibers, 
the use of forest resources might contribute to deforestation. This, however, can be 
changed if bio-based thermoplastics (drop-in HDPE) are proposed as an alternative 
identical matrix and materials that are longer in their lifetime than their resources are 
produced.  

Some indirect positive impacts are represented by the positive economic impact 
the project could bring to interdisciplinary industries and through the rise in awareness 
of sustainability in research by making the results publicly available through open 
access publishing. Also, the involvement of leading female researchers in the 
coordination and support of the work has a powerful impact on empowering women in 
science and encouraging gender equality.  

Nonetheless, some indirect negative impacts have been identified due to the 
involvement of some chemicals in the electroless plating process that should be taken 
into serious consideration. Handling of these chemicals has been performed according 
to standards and regulations, but this could create a burden on the clean water and 
wastewater management for larger industries especially if applied in countries with less 
strict control on industrial disposals such as in the developing countries. Another water 
related impact is the one involving water in sample preparation such as waterjet cutting 
and polishing that could leak microplastics into the water streams.  

A major unknown impact is related to the health concerns of using graphene 
nanoplatelets in wider applications where it comes in closer contact with people on a 
regular basis while full studies on its toxicity are still missing or incomplete. Despite 
including these particles in a pellet form in the production of the composite, their release 
to the environment by erosion might still be an issue to address.  

 

Table 4. Results of the sustainability analysis of the Doctoral Thesis work. 
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Abstract: Continuous metalized regenerated cellulose fibers for advanced applications (e.g., multi-functional
composites) are produced by electroless copper plating. Copper is successfully deposited on the surface of
cellulose fibers using commercial cyanide-free electroless copper plating packages commonly available for the
manufacturing of printed wiring boards. The deposited copper was found to enhance the thermal stability,
electrical conductivity and resistance to moisture uptake of the fibers. On the other hand, the chemistry
involved in plating altered the molecular structure of the fibers, as was indicated by the degradation of their
mechanical performance (tensile strength and modulus).

Keywords: cellulose; functionalization; copper coating; continuous fibers; electroless plating

1. Introduction

Regenerated cellulose fibers (RCFs) are man-made fibers from naturally occurring cellulose that is
spun-formed into continuous, uniform cross-sectional fibers with rather stable physical properties [1].
When compared with natural plant fibers, the properties of RCFs are more application-tunable and less
dependent on the cellulose source or the growing–cultivation conditions. Considering their natural
origin and end-of-life disposal, the latest generations of these fibers are more environmentally friendly
than the conventional fibers [2,3] used in composites (e.g., glass, carbon) or in textiles (e.g., polyester,
polyamide). RCFs are commercially available and are used in various applications with increasing
interest in the research and development sectors to improve their performance for use in composites as
a reinforcement [4]. In order for these materials to be used in advanced applications, however, not
only does their mechanical performance need to be improved, but the addition of new functionalities
has also become essential. This can boost their potential limits and suitability for a wider range
of applications.

Wearable electronics and electronic casings are examples of applications where electrically
conductive functional fabrics are in high demand. The design of conductive cellulose fibers has
been approached differently by researchers, for example via the incorporation of graphene during
the spinning process of the fiber production [5], or dip-coating the fibers with carbon nanotubes [6].
However, a simpler and more convenient way to achieve conductivity is the use of electroless metal
plating on the surface of the fibers. The use of electroless plating to produce conductive cellulose
fibers has been reported in the literature, for example in the deposition of a thin layer of copper for
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microwave applications [7], and in the coating of ferromagnetic material to produce ferromagnetic
cellulose microfibers [8] for various electronics applications. Electroless metal coating is very simple
and matured process for various applications, such as printed electronics. However, experimental
parameters such as the temperature, concentration, and pH of the involved chemistry have a great
influence on the properties of the substrate-fibers and the quality of the coating [9]. The reason for this
is that the chemical treatment not only modifies the surface but also alters the chemical structure of
the cellulose fibers [10]. Recent studies used the approach to produce copper conductive layers on
non–conductive lyocell fabrics. This involved preliminary surface activation through silver seeding
and bath composition containing HCHO and C4H5KO6 at different concentrations [11]. Despite the
resulting overall conductive fabric, the risk of losing connectivity at the crossover points between the
wrap and the weft is the primary disadvantage of coating fabric rather than individual bundles.

Moreover, the abovementioned and other studies have presented the possibility of coating RCFs
with copper to make them conductive, but none of them have addressed the effect of the electroless
plating process on their mechanical performance. Thus, this paper studies copper-coated RCFs
produced using the electroless process, along with evaluating the effect of different immersion times in
a Cu-plating bath on the electrical and mechanical properties of the fibers, including the quality of the
coating. The process might be directly incorporated in the production of weaves to make conductive
fabric on an industrial scale.

2. Materials and Methods

Bundles of regenerated cellulose fibers (Cordenka 700 Super 3 from Cordenka GmbH, Obernburg,
Germany) of 50 mm length were used in this study. The fibers have a semi-circular cross-section
of diameter about 12.5 µm. The chemicals used for the electroless plating (perfekto-PEC660) were
commercially available solutions from JKEM international, Sweden. Such packages are well known to
be optimized for better conductivity, deposited thickness, and adhesion for specific substrate materials.

2.1. Fiber Plating

The process consisted of four main steps in the following sequence: First, the fibers were dipped
in a 1:4 Pre DIP Alkaline Catalyst System (ACS) 73 to de-ionized water solution at a pH of 11–12 for
1 min at 25 ◦C. Second, they were treated in a bath of 1:4 parts of catalyst ACS 74 to de-ionized water at
a pH of 11.5–12.5 for 5 min at 40 ◦C, followed by two washes with de-ionized water for 1 min per wash.
Then, a reducing bath containing 0.5 L reducer ACS 75, 98 L deionized water and a 2 Kg of Boric acid
was used at 25–30 ◦C and a regulated pH of 7 into which the fibers were immersed for 0.5 to 1 min and
washed twice with deionized water for 1 min each time. In the last step, a copper-plating solution bath
was made up with Perfekto Electroless Copper (PEC) 660 components and de-ionized water in the
following ratios: 80 de-ionized water, 7.5 PEC 660 A, 5 PEC 660 M, 8 PEC 660 B with the mentioned
sequence and accompanied by continuous agitation. The immersion time in the last bath was varied:
15, 30, 45, 60, and 90 min.

2.2. Characterization

Microscopy on individual fibers and cross-sections of bundles was performed using a Nikon
Eclipse MA200 optical microscope (OM) (Nikon Corporation, Tokyo, Japan) and JEOL JCM-6000
Neoscope scanning electron microscope (SEM) (JEOL technics LTD, Tokyo, Japan). Coated bundles
were mounted in an epoxy resin, polished, and their cross-section was investigated. Analysis of the
area fraction was performed by separating the components into fractions based on the color contrast.
The coating thickness was determined by selecting a coated fiber randomly and averaging the measured
thickness at eight radial points. The thickness at the points where the coating was missing was set to
zero. The maximum thickness was also based on this random selection and may not represent the
actual maximum thickness.
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Single fiber tensile tests on 20 mm long fibers were performed to evaluate the mechanical properties.
These tests were done on an Instron 4411 universal testing machine equipped with a 5 N load cell and
pneumatic grips. Tensile tests were carried out in a displacement-controlled mode with a loading
rate of 2 mm/min (corresponding to a strain rate of 10%/min). The strain was calculated from the
displacement of the crosshead of the machine taking into account the system compliance with respect
to uncoated fibers (UCF). Following the guidelines of the ASTM D3822/D3822M standard, individual
fibers, selected randomly from the coated bundles and reference UCF, were carefully separated and
glued on paper frames. These frames were cut prior to starting the test. Some fibers broke during
mounting on the frames, which may skew the results towards higher strength values. A set of minimum
7 fibers were tested, and the average values are presented.

Fourier-transform infrared (FTIR) (PerkinElmer Inc, Waltham, MA, USA) spectra in attenuated
total reflectance (ATR) mode were collected on uncoated and surface copper coated cellulose fibers to
detect new absorption bands, if any, during chemical modification. For sample preparation, fibers
were cut to be 1 cm long and then analyzed using Perkin Elmer FT-IR Spectrometer. The spectra were
recorded after 32 scans with a resolution of 4 cm−1 within the range of 4000–700 cm−1.

Thermo-gravimetric analysis (TGA) (Discovery TGA, TA Instruments Inc, New Castel, DE, USA)
was used to evaluate the degradation characteristics of the fibers under a controlled temperature
program. Thermo-gravimetric analyzer TGA 5500 was employed to heat from 20–500 ◦C, at a heating
rate of 10 ◦C/min in nitrogen as carrier gas with flow rate of 30 ml/min.

Electrical resistance measurements of bundles and single fibers were performed at room
temperature by 4-wire method using a high precision Fluke 8840A multi-meter (Fluke Corporation,
Everett, WA, USA). To ease the probing, all measured samples were adjusted to be 50 mm long. Later,
measurements were confirmed using the programmable LCR Bridge HM8118 by Hameg instruments
(Hameg Instruments, Frankfurt, Germany).

3. Results and Discussion

3.1. Microscopy

Figure 1 shows OM and SEM images of selected samples. Figure 1a of the sample plated for
15 min shows that copper was deposited only at some points at the outermost fibers of the bundle.
It could also be seen that although the coating on samples with longer immersion times (Figure 1b,c)
reproduced the shape of the fiber, the layer of copper was not uniform around the fiber contour. Thus,
inhomogeneity could be seen within the coating along an individual fiber as well as in between fibers
within the bundle. However, it was concluded that as the immersion time increased, more copper
could be successfully deposited on the fiber (see Figure S1 in the supplementary materials for images
of the whole bundles). The SEM micrographs show that for a shorter immersion time, the copper
particles form a discontinuous layer on the fibers, but due to the inhomogeneity it was not possible to
find a representative image for the 15 min or 45 min samples. This is indicated in the supplementary
materials (Figure S2). The coating, however, appeared continuous and denser for 60 min and onwards
(Figure 1d,e). On the other hand, for the higher deposition time (90 min), the change in thickness and
quality of the copper on the fibers was not noticeable, although the number of coated fibers increased.
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showed a considerable difference at 90 min when compared to the 60 min immersion time (20% and 
8%, respectively). This means that the longer immersion time does not necessarily increase the 
coating thickness, but it might lead to deeper penetration of copper inside the bundle covering larger 
surface areas or forming bridges between the coated fibers, bonding them together. This was noticed 
at several instances during the SEM and OM observations (see the dashed ovals on the OM images 
of Figure 1). Arrows in Figure 1 point at some areas with imperfect copper/fiber bond. This de-
bonding probably occurred during handling of the fibers after coating. This might influence the 
mechanical properties and the electrical conductivity of the fibers. Further investigations by micro-
bond test would help to assess the strength of the fiber–coating and coating–matrix adhesion. 

3.2. Electrical Properties  
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practical and relevant to the application of fibers in composites, since the final product (textiles and 
composites) would be made of bundles rather than single filaments. This is also evident from the 
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In such cases, samples have always resulted in matt surfaces as shown in Figure S3. However, the 
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having new contact points from the larger surface area of the deposited copper, which is likely to 
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Figure 1. Optical micrographs (OM) of the cross-sections (top) and JEOL JCM-6000 Neoscope scanning
electron microscope (SEM) images of the fiber surface (bottom) of (a) coated fibers after 15 min,
(b,d) 60 min, and (c,e) 90 min immersion time in a Cu-plating bath.

Systematic measurements of the coating thickness performed on optical micrographs of
randomly-selected coated fibers revealed a lower average thickness of the coating in the 90 min
sample (2.72 ± 1.19 µm) than that of the 60 min sample (3.41 ± 1.31 µm), but no significant difference
in the maximum measured thickness (7.92 vs. 8.03 µm for 60 min and 90 min, respectively). At the
same time, the ratio between the area occupied by the copper and fibers on optical micrographs
showed a considerable difference at 90 min when compared to the 60 min immersion time (20% and
8%, respectively). This means that the longer immersion time does not necessarily increase the coating
thickness, but it might lead to deeper penetration of copper inside the bundle covering larger surface
areas or forming bridges between the coated fibers, bonding them together. This was noticed at several
instances during the SEM and OM observations (see the dashed ovals on the OM images of Figure 1).
Arrows in Figure 1 point at some areas with imperfect copper/fiber bond. This de-bonding probably
occurred during handling of the fibers after coating. This might influence the mechanical properties
and the electrical conductivity of the fibers. Further investigations by micro-bond test would help to
assess the strength of the fiber–coating and coating–matrix adhesion.

3.2. Electrical Properties

Measurement of the electrical resistance on bundles rather than on individual fibers is more
practical and relevant to the application of fibers in composites, since the final product (textiles and
composites) would be made of bundles rather than single filaments. This is also evident from the
graphs in Figure 2, since the resistance of the bundles compared to single filaments was always lower
for the same immersion time. According to the experiments, the immersion time of 15 min only led to
measured resistance in the MΩ ranges, thus the bundles practically remained non-conductive. In such
cases, samples have always resulted in matt surfaces as shown in Figure S3. However, the conductivity
continued to increase by increasing the immersion time. This supports the claim of having new contact
points from the larger surface area of the deposited copper, which is likely to penetrate deeper into
the bundle.
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Figure 2. Electrical resistance of 50 mm long samples.

3.3. Mechanical Properties

Due to the limited amount of sample, and seeking a proof of concept, the mechanical properties
were investigated on individual fibers rather than on bundles. Figure 3 shows the mechanical properties
of the UCF and coated fibers for different Cu-plating times. The tensile properties of the fibers have been
largely degraded. Stiffness and strength of the single fibers for the 15 min immersion time decreased
by around 10% and 70% respectively when compared with UCF. It is possible that exposing the fibers
to chemicals in the plating process causes relaxation of the molecules leading to a loss of orientation
and disorder in the fiber microstructure [12]. The orientation of the cellulose chains is responsible
for its mechanical performance and is attained during the manufacturing process by stretching the
fibers along the axial direction. It is reasonable then, to consider that if these chains are allowed to
relax by any external factor, they tend to form a more amorphous structure and lose their orientation,
leading to reduced mechanical performance. Copper, on the other hand, is a rigid metal compared to
the soft fibers (the stiffness of copper is estimated around 128 GPa [13]) and its presence on the surface
of the fibers is responsible for increasing their stiffness and compensate for the stiffness lost during the
chemical treatment. However, due to its brittleness it does not contribute to the strength. This was
further investigated by FTIR analysis. However, no significant difference is noticed in the strength of
the samples at different immersion times, indicating that the degradation occurred either during the
fiber-surface-activation process or immediately after immersion in the copper-plating bath. To confirm
this statement, additional investigation should be carried out. After 90 min immersion time, the fibers
seem to retain some of their properties, since the stiffness loss was only 8%. As mentioned above,
this is possibly due to the support provided by the large amount of copper deposited on the fibers.
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3.4. Spectral and Gravimetric Analysis

FTIR-ATR spectroscopy, which is a surface-sensitive technique, can illustrate changes in the
spectra after chemical treatments. Figure 4A shows the spectra of UCF and copper-coated fibers
at 15 min, 45 min, and 90 min immersion time. Compared to UCF (spectrum “a”), the spectra of
coated fibers presented changes, particularly peaks between 1200 and 800 cm−1, and bands between
3000 and 2800 cm−1, indicated by arrows. For the 15 and 45 min immersion times, a peak appeared
around 1060 cm−1 which can probably be ascribed to the vibration of the Sn–OH bond [14]. This peak
disappeared for the 90 min immersion time, which indicates that no more free Sn–Pd molecules were
present over the surface of the fiber, and copper is present at all the activated sites. The spectra of the
coated fibers showed an extra peak at 2938 cm−1 that corresponded to C–H asymmetric stretching in a
new molecular environment.
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Figure 4. (A) Fourier-transform infrared (FTIR) analysis: a, b, c, d spectra correspond to uncoated
and coated fibers for 15 min, 45 min, and 90 min respectively; (B) Thermo-gravimetric analysis (TGA)
analysis (top) and derivative of thermo-gravimetric curves (bottom).
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Figure 4B shows the thermal behavior of the fibers by TGA before and after coating at three
different immersion times. The mass loss curves showed three different stages for all fibers. The initial
stage extending up to 100 ◦C is attributed to the evaporation of the adsorbed water on fibers and
already shows the difference in their moisture uptake. It can be observed that the sensitivity of fibers
to moisture was reduced with the increased concentration of copper.

The second stage largely differed between fibers, corresponding to the degradation of cellulose.
The degradation of UCF occurred in a very short range of temperatures between 280 ◦C and 360 ◦C [15],
leading to more than 70 wt% loss. However, the degradation of all copper-coated fibers started at the
same temperature of ~180 ◦C and spread over an extended range of temperatures, ending at 360 ◦C
(same endpoint as UCF). This is indicated by the difference in the peak size in the derivative of the
TG curves. The peak for UCF was higher (indicating greater weight loss) and narrower (indicating
the shorter interval over which the weight loss occurs), while all other peaks for the coated fibers
were broadened and had a smaller amplitude. The weight loss intensity drop can be attributed to the
decrease in the relative amount of cellulose (an increase in the amount of copper), while the shift in the
degradation temperature might be attributed to the chemical degradation of cellulose chains during
the electroless plating process. The polymeric chains became shorter due to the effect of the chemicals
and hence was more susceptible to the subsequent thermal degradation.

The weight loss of the coated fibers showed a difference according to the immersion time, with
51 wt%, 37.5 wt%, and 17 wt% loss for 15, 45, and 90 min, respectively. As the immersion time
increased, the degradation temperature was not strongly affected, which may be an indication that
the immersion time in the copper-plating bath had no significant effect on the degradation. The final
region extending to 500 ◦C corresponded to the ash contents (residual weight) obtained at the end of
the TGA measurement.

4. Conclusions

The possibility of coating commercially-available continuous cellulose fibers with a commercial
cyanide-free electroless copper deposition solution to achieve electrically conductive cellulose fibers
was investigated. Preliminary results showed the increase in conductivity by increasing the immersion
time in the copper-plating bath, trading-off with the loss in mechanical performance due to the
sensitivity of these fibers to the chemicals. From the results, it can be concluded that the conditions of
the copper-coating process should be optimized to minimize damage. On the other hand, longer times
in the copper-plating bath helped to achieve a more uniform coating until 60 min, which might be
considered the optimal coating time.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6439/7/5/38/s1,
Figure S1: The top image is the full bundle, coated for 60 min, embedded in epoxy resin. The bottom images are
images forming the whole of the bundle for the 90 min spread and embedded in matrix of epoxy. Figure S2: SEM
images for the 45 min coating time. The images show that in some parts of the fiber, the coating was discontinuous,
but in other parts it was continuous, which makes it difficult to assess the quality of the coating after this plating
time. Figure S3: Micrographs of bundles showing the change in color after immersion in a copper-plating bath for
15 min (left) and 90 min (right).
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Figure S1. The top image is for the full bundle of 60 min coating time, embedded in epoxy matrix. 
The bottom is stitched images forming the whole of the bundle for the 90 min, spread and embedded 
in a matrix of epoxy.  
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Figure S2. SEM images for the 45 min coating time. The images show that in some parts of the fiber, 
the coating was discontinuous but in other parts it was continuous, which makes it difficult to assess 
the quality of the coating. 

  

Figure S3. Micrographs of bundles showing the change in color after immersion in Cu-plating bath 
for 15 min (left) and 90 min (right). 
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Abstract: Regenerated cellulose fibers coated with copper via electroless plating process are investi-
gated for their mechanical properties, molecular structure changes, and suitability for use in sensing
applications. Mechanical properties are evaluated in terms of tensile stiffness and strength of fiber
tows before, during and after the plating process. The effect of the treatment on the molecular
structure of fibers is investigated by measuring their thermal stability with differential scanning
calorimetry and obtaining Raman spectra of fibers at different stages of the treatment. Results show
that the last stage in the electroless process (the plating step) is the most detrimental, causing changes
in fibers’ properties. Fibers seem to lose their structural integrity and develop surface defects that
result in a substantial loss in their mechanical strength. However, repeating the process more than
once or elongating the residence time in the plating bath does not show a further negative effect on
the strength but contributes to the increase in the copper coating thickness, and, subsequently, the
final stiffness of the tows. Monitoring the changes in resistance values with applied strain on a model
composite made of these conductive tows show an excellent correlation between the increase in strain
and increase in electrical resistance. These results indicate that these fibers show potential when
combined with conventional composites of glass or carbon fibers as structure monitoring devices
without largely affecting their mechanical performance.

Keywords: regenerated cellulose fibers (RCFs); electroless copper plating; conductive cellulose fibers;
mechanical properties; molecular structure; functional composites

1. Introduction

The recent attempts to develop sustainable, biobased materials for advanced industrial
applications have targeted both processes and development of materials [1]. From the
processes point of view, this might include, among others, reducing hazardous substances
or using techniques where energy consumption during the production is lowered. On
the other hand, material development involves, apart from the use of biobased resources,
improving the materials’ characteristics to compete with conventional materials from fossil
fuel. For fiber-reinforced polymer composites, low price and density and reduced tool
abrasion of natural fibers are examples of interesting advantages over the traditional glass
fibers, when designing fiber reinforced polymer composites. Introducing additional char-
acteristics such as electrical functionality to such materials would set their competitiveness
to a much higher level.

The use of manmade regenerated cellulose fibers (RCFs) as an alternative to other
natural cellulosic fibers has limited the latter’s inherited disadvantages, such as variations
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in properties and dependency of the structure on growing and cultivation conditions [2].
However, the use of these fibers in continuous form is still limited to textiles and low-end
applications. Compared to flax fibers, Cordenka is a technical grade, compostable [3],
viscose-type of cellulose II fibers that are manmade developed from the cellulose of wood
pulp and mainly used in applications like tire cords. Studies to determine the usability of
these fibers in polymer composite applications have shown promising potential in terms of
mechanical properties [4–6]. Their stiffness lies in the range of 20 GPa, and they possess a
strength of about 800 MPa while demonstrating remarkable elongation at break of more
than 10% [2]. The large elongation at break makes these fibers candidates for improving
the impact strength of thermoplastics [7] and thermoset [6] polymers, while maintain-
ing lightweight. Irrespective of their production technique, all RCFs possess crystallite
structure (cellulose II structure) oriented along the fiber axes. However, the degree of
crystallization and the degree of polymerization depend on the cellulose source and on
the processing technique that results in variations of the properties of RCFs with reference
to the production process [8]. A higher degree of crystallinity and more crystallographic
orientation result in fibers with higher tensile modulus. Surface defects and internal voids
contribute to the variation of tensile strength and fiber’s ability to elongate before failure.

Electroless plating process has been used to successfully obtain electrically conductive
fibers and fabrics for use in different applications such as in pressure sensors [9] for
wearable health devises, in production of cellulose magnetic fibers [10] and in microwave
applications [11]. The electroless process is a multistage, chemical reactions that result in
deposition of metal particles from ion-containing aqueous solutions on a wide range of
substrates. Regardless of the initial conductivity state of the substrate, plating renders them
electrically conductive. The process parameters determine the quality of the coating and
the final level of conductivity. One of this process’s advantages is producing homogeneous
conductive coatings on complex geometries and flexible substrates without applying an
electrical potential difference [12].

For some composite applications, such as in construction, it is important not to exceed
a specific deflection under instant or prolonged loading times. One way to achieve this is to
continuously monitor the structure in situ. Structural health monitoring allows continuous
observation of the structure’s state or state of damage to prevent catastrophic failure and
to avoid unnecessary regular service interruptions for inspection. One of the currently
popular methods used for structural monitoring in fiber-reinforced composites is fiber
optics [13]. Such configuration of a monitoring system gives the flexibility to measure
different strain distribution based on the placement of the fibers [14]. However, apart from
the price considerations, efficiency of the health monitoring system depends to a great deal
on its properties and its compatibility with the host structure. Examples of compatibility
can be explained by, but is not limited to, the efficiency of load transfer through strong
bonding, the resilience compared to the resilience of the monitored structure, and the
suitability to the service conditions. Antunes et al. [15] studied the mechanical properties
of standard commercial communication optical fibers to investigate their mechanical
limits. The study showed that depending on whether or not the protective layer is present,
these fibers possess a stiffness and strength range between 16 and 69 GPa and 100 and
200 MPa, respectively, with a maximum elongation at the break between 0.4 and 4%. The
lower bounds of this range might limit their suitability to be used for high-performance
fiber-reinforced composites where the failure limits exceed these values. However, a
similar approach can be followed to develop greener systems that can offer more varied
selection options.

Developing more environmentally friendly and electrically conductive fibers from
commercially available materials was reported by the authors previously [16]. The fibers
showed a significant decrease in electrical resistance after copper plating for 90 min accom-
panied by a decrease in mechanical properties. The current study aims to investigate the
sources of damage for the electroless plated cellulose fibers and to identify where in the
process this damage occurs in a more comprehensive way. Differently from the previous
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plating strategy, the fibers are coated in consecutive steps of surface activation and plating
to obtain improved results. The potential of these fibers to be used for sensing application
is also investigated and discussed. A tensile test is performed on fibers obtained from
the different stages of the process, and an attempt is made to correlate these properties to
the structural changes. Moreover, simple micromechanics calculations are performed to
estimate the effect of adding the produced conductive tows on the mechanical properties
of conventional composites, in case they are used as strain sensors in such structures.

2. Materials and Methods
2.1. Materials

Materials used for this study are Cordenka 700 Super 3 (from Cordenka, Obernburg,
Germany) RCFs (made by a modified viscose process) in the form of yarns. The yarns
consist of 1350 single filaments having a continuous length and semicircular cross-section
with an equivalent diameter of ~12.5 µm. Electroless copper plating system (Perfekto-
PEC660) is a commercial package consisting of three components (A, M, and B) provided
by JKEM International in Norrköping, Sweden. The Alkaline Catalyst System (ACS) used
for the plating process was also provided by JKEM International. Epoxy resin system used
to manufacture the model composites is hot cure Araldite LY556 and Aradure hardener
(Huntsman International LLC, Salt Lake City, UT, USA) in a ratio of 80:20 wt/wt, which
cures at 80 ◦C for 8 h.

2.2. Methods

Plating process (multiple stages): Electroless plating solutions were prepared based on
recommendations for the composition and procedure reported in the previous work [16].
To prepare the samples 110 mm long RCF tows/yarns were used. The four baths were
prepared, and the tows were immersed in each bath for the specified times shown in Table 1.
The initial trials of coating resulted in severe shrinkage of the fibers after immersion in the
solutions. Thus, the treatment was performed on tows wound up around a stiff plastic
cylinder to prevent shrinkage and allow at the same time for the fibers to be adequately
exposed to the solutions to obtain uniform coating. After immersion in the last bath (plating
bath, Bath #4) for 30 min, tows were re-immersed in the second, third and fourth bathes
two more times resulting in a total of 55–60 min of consecutive plating. The residence time
in the plating bath was decided based on a visual assessment of the coating state/quality.
Gentle stirring was applied to the baths to ensure homogeneous concentration within the
solution. The idea behind the repetitive plating process is that any individual fibers or
parts of fiber, which might not have been plated in the first round would be activated and
plated in the following cycles. For the determination of the property changes of fibers
along the process, samples were collected after specific stages, dried at room temperature
and saved in sealed plastic bags to perform further characterization. The steps of the
Cu-electroless plating adopted during the process is depicted in the flowchart of Figure 1,
where (S) represents the sample set (4 specimens per set) and was used throughout the
paper. Samples used for the initial characterization and the production of model composite
were prepared following the same procedure but with replenishing of the plating bath to
ensure even better quality of the coating and with total residence time in the plating bath
of 90 min. Further in the paper, the latter was referred to as coated regenerated cellulose
fibers (CRCFs).

Microscopy: Nikon Eclipse microscope MA200 (Nikon Corporation, Tokyo, Japan)
equipped with digital viewing camera was used for the microscopic investigation. In order
to investigate the cross-section and the coating thickness, dry tows were first embedded in
a slab of Epoxy resin and thoroughly polished for better visualization during examination.
The thickness of the copper layer was measured over several fibers around the bundle, and
the average value was reported.
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Table 1. Parameters of the plating process. DIW stands for deionized water; RT for room temperature
(22 ± 2 ◦C).

Bath No. Chemistry Temperature (◦C) pH Time (min) Sample

0 DIW RT - - -
1 Pre-dip RT 11–12 1 S1
2 Catalyst ACS 74 40 11.5–12.5 5 S2, S5

3 Reducing bath,
H3BO3

25–30 7 5 S3, S6

4 PEC 660 (A, M, B) 25 - 30, 10, 15 S4, S7

PEC is the commercial name of the electroless chemical package. (H3BO3) is the chemical structure of Boric acid
powder provided by VWR Chemicals in Leuven, Belgium.
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Figure 1. Flowchart depicting stages of the plating process and where along the process, samples
were collected.

Mechanical test on dry tows (quasistatic tensile test): Virgin and treated tows were
tested using Instron 4411 universal tester (Instron, Norwood, MA, USA) equipped with a
500 N load cell. Dry tows with a gauge length of 40 mm were gripped between wooden tabs
at both ends and strained at a rate of 10%/min until failure. Compliance of the machine
was determined by testing two additional lengths of virgin fiber tows (60 and 100 mm) as
specified in the ASTM standards [17] and this compliance was taken into account when
calculating true stiffness of the tows. Since limited length was available for the coated fiber
tows, their true stiffness was determined using the same value of machine compliance used
for the non-coated tows. Stiffness was determined from the initial region of the stress-strain
curves between the stress interval of 30–130 MPa.

Thermal Stability: Virgin and electroless-plated tows were tested for thermal stability
utilizing differential scanning calorimetry (DSC) equipment, METTLER TOLEDO DSC 821
e (METTLER TOLEDO, Columbus, OH, USA). Samples of 5 mg weight were enclosed in a
standard aluminum pan (METTLER TOLEDO, Columbus, OH, USA) with a pierced lid
and exposed to temperature program in a nitrogen atmosphere. Samples were heated at
a rate of 10 ◦C/min to 200 ◦C and cooled with the same rate to room temperature, then
heated again to 450 ◦C to examine degradation. For the copper-plated samples (CRCF),
fibers from the inner part of the bundle were separated and used for the test. However, it
was not guaranteed that the samples were totally copper-free, but this would not affect the
results since thermal events of metals start at a higher temperature than temperatures of
interest for polymers.
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Raman Spectroscopy: Samples were investigated with Raman spectroscopy to study
the internal structural changes at the different stages of the electroless process. Raman data
were collected with a WITec CRM-200 Raman/fluorescence imaging microscope (WITec,
Ulm, Germany) using a He:Ne 633 nm excitation laser. Acquisition time was set to 10 s,
and an average of 10 spectra is presented. As mentioned earlier, samples collected from the
inner part of the bundle were examined.

Manufacturing of the model composite: The model composite was made by embed-
ding single conductive tow in Epoxy resin. Due to the importance of the connection to the
electrical measurements, it is necessary to produce a firm connection between the coated
fibers and the measuring device. Preliminary trials of direct twisting of tows with electric
wires resulted in weak points that have caused a premature failure at the connection during
the test. Alternatively, conductive carbon cement (PLANO GmbH, Wetzlar, Germany) was
used to glue the fibers to the wires between two tabs of generic glass fiber weave/Epoxy
laminates (Nordbergs Tekniska AB, Vallentuna, Sweden) available for this purpose that
were further secured with epoxy resin during the impregnation. Tabbed, wired tows
were aligned in a sealed aluminum mold for resin casting. Measured amounts of the
resin (80A:20B wt/wt) were mixed and degassed for 15 min before being poured into the
mold and cured at 80 ◦C for 8 h. After demolding, samples were cut into 13 mm wide,
100 mm long rectangles with the centralized coated tow connected to wires from both ends.
Specimens were tabbed again using the same tabbing material and epoxy adhesive leaving
40 mm as a sample gauge length at the center of which is the extensometer’s 12.5 mm gauge
length. With such a setup, the connection points ended up outside the gauge length of the
sample. An overview of the manufacturing setup and sample configuration is presented in
Figure 2.
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resin at the manufacturing and an (b) example of the tabbed specimen of the model composite.

Strain–electrical resistance test: A single-tow composite was tested for change in
electrical resistance under applied mechanical loading. Samples attached to wires were
connected to a reference 3000 Potentiostat/Galvanostat (Gamry Instruments Inc, Warmin-
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ster, PA, USA) where a constant current of 1 mA was supplied while the sample being
mechanically loaded. Strain was monitored by means of standard Instron clip-on exten-
someter 2620-601 (Instron, Norwood, MA, USA). Change in resistance was monitored
by measuring the drop in voltage across the sample ends. The tensile load was applied
through a universal Instron 3366 tester (Instron, Norwood, MA, USA) equipped with a
10 kN load cell. The loading rate was set to a rather low value (0.5%/min) in order to
capture the change in electrical resistance. Synchronized data sampling allowed correlating
the data collected from the two setups. Different loading ramps were applied to investigate
the electromechanical response of the composite.

3. Results and Discussion

Electroless plating of the RCF tows resulted in electrical sheet resistance of tows of
around 0.3 ± 0.04 Ω/50 mm sample length.

Figure 3 shows the cross-section of a fiber tow after the coating. It can be seen that
the copper deposition is limited to the outermost fibers of the tow. When copper starts to
deposit, it is easily deposited on the surface of the tow forming a thin continuous layer that
blocks the access to the inner fibers of the tow (note that the discontinuity seen in the figure
is resulting from the post-processing and handling of the bundle during immersion in the
resin and is considered as human error). With progression in exposure time, this layer
gets thicker with more deposited particles on top than penetrating inside the bundle. An
average thickness of the copper layer at random positions around the bundle was around
6 µm. This value was almost twice as large as reported in our previous work when the
deposition was performed in a single continuous step for the same duration of time [16].
Despite the relative slow deposition of copper by the electroless plating (compared to,
e.g., the electrolyte process), it is reported to result in a homogeneous deposition on both
conductive and non-conductive substrates [12]. Figure 3 also shows that the fibers were
not typically circular, but they had more cherry-like shape, which was retained after the
coating process.
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Figure 3. Cross-section of coated tows (CRCF). The copper is visible as bright lines on the perimeter
of the tows.

Figure 4 shows the stress-strain curves of the virgin RCF and tows after the coating
process (CRCF). Typical stress-strain curves of the RCF are represented by three main
stages: an initial linear region, a yield point and second linear plastic deformation [2].
The very first part where the curve has a tail of non-linearity is attributed to the clamping
errors and the slack in fibers and can be compensated following the practice described in
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ASTM [17]. The initial linear part represents the Hookean behavior of the fibers from which
the stiffness of the bundle is determined. Degree of crystallinity and the orientation of
crystallite in cellulose fibers are the major contributors to increased mechanical properties
in return for the negative effect of void content. Studies on RCF with different orientation
of cellulose chains showed the dependency of their stiffness and strength on the degree
of orientation with a clear increase of stiffness and strength when the chains are oriented
along the axis of the fiber at the same crystallinity content [18]. Then follows a yield point
after which a strain hardening semi-linear region occurs. With the aid of X-ray diffraction
(XRD) measurements, it was found that the orientation factor of the cellulose molecules
increases with the increased straining of the fibers [19]. This response is also the effect of
reorientation of the non-crystalline part of the regenerated cellulose [20], which is usually a
large portion of the molecular structure especially for viscose fibers (crystallinity is rarely
higher than 50%) [21].
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Figure 4. Stress-strain curves of the tows tested in tension before (solid blue line) and after (CRCF)
(dotted red line) coating by electroless copper plating.

The effect of the treatment on the tows can also be seen when examining curves of
CRCF in Figure 4. Stiffness had slightly increased by the effect of deposited copper while a
considerable decrease in the strength is noticed (drop from 650 to below 200 MPa). The
degradation is represented by the loss of the second semi-linear part of the stress-strain
curves where the linearity after the yield no longer exists. However, the strain at failure is
relatively retained. The interaction with chemicals during the plating process has possibly
resulted in the loss of orientation of the cellulosic chains and the relaxation of the stretched
chains during the process, leaving the chains more accessible to chemicals and thus weaker.
Similar results were noticed for conductive linen fabric subjected to an acidic environment
where it has been reported to lose a significant percentage of its strength [22]. Average
values of properties of at least six tested specimens are presented in Table 2.

Table 2. Properties of the tested tows before and after treatment. Values were the average of
5 specimens. Std stands for “standard deviation”, E. Resistance is the “Electrical Resistance”.

Sample Modulus
(GPa) Std Strength

(MPa) Std E. Resistance
(Ω/50 mm) Std

RCF 21.25 1.53 653.93 42.3 - -
CRCF 24.60 0.09 180.51 10.9 0.3 0.04
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DSC was performed on these two types of fibers (RCF and CRCF) to investigate
the effect of the treatment on the thermal behavior of the fibers. Figure 5 shows the
thermograms with the most interesting thermal events. The first broad endothermic event
having a peak at around 100 ◦C was associated with the loss of adsorbed water on the
samples. The inlet in the figure shows the size of the peak at the first heating ramp. At
the second heating cycle, the size of the peak was reduced, but not entirely eliminated.
Removing the large peak helped improve observation of the subsequent events as they
become more pronounced. Following the moisture evaporation, the virgin RCF fibers
exhibited a well-defined endothermic event with a peak at 350 ◦C, which was associated
with decomposition and depolymerization reactions of cellulose and the decomposition
of the subsequently formed complex products [23,24]. This peak shifted to much lower
temperatures for the treated fibers with less energy required for the decomposition. The
broad endothermic event had a peak around 204 ◦C and another less defined around
270 ◦C. Viscose fibers treated with boric compounds have shown similar degradation
behavior and shift in the degradation temperature attributed to the elimination of cellulose
intermolecular hydrogen bonding, which accelerates the decrystallization of the fibers [23].
A small very broad exothermic peak around 216 ◦C in the treated fibers can be attributed
to the weak events of recrystallization of traces of copper particles that might have ended
up in the sample [25]. The last exothermic peak in the treated fibers represents an overlap
of several processes occurring at that range of temperatures [26]. This peak is attributed to
the charring process, which shows another difference from the non-treated fibers where
the cellulose mainly undergoes quick devolatilization reaction [27].
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Figure 5. Differential scanning calorimetry (DSC) thermograms of the virgin regenerated cellulose
fiber (RCF) (solid line) and electroless copper-plated CRCF (dotted line). The inlet in the figure is for
the moisture evaporation peak at the first heating ramp.

It is of interest to inspect at which stage during the electroless process this loss of
mechanical properties occurs, and to investigate the leading cause for failure. Samples
taken at different stages of the coating process were used for this purpose, and their
mechanical properties (average of 4 values) are presented in Figure 6. It can be seen that
immediately at the first stage, there is a drop in the stiffness with reference to the virgin
fibers (23%). This decrease is attributed to the contact with moisture in the solutions.
Moisture has been shown to have a drastic effect on the properties of RCF [28]. There
seems to be a slight increase in both the stiffness and the strength within the first three
stages of the process, but it was not of statistical significance according to the statistical
analysis of variance (ANOVA). At the fourth stage where the copper was deposited, the
largest drop in the strength was witnessed while the first significant improvement in the
stiffness occurred. The following stages did not seem to have further effect on the strength,
but the second deposition step contributed to more of a stiffness increase in the tows. It
might be the case that the deposited copper around the bundle at the first coating round
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is acting like a protective layer preventing the chemicals from reaching the core of the
tows and only more copper is deposited on top of the previously deposited layer causing
the additional increase in stiffness. These results confirm the previously obtained results
on single fibers [16], suggesting increasing the stiffness by increasing the residence time
in the plating bath or the number of deposition steps without further compromising the
strength. However, replenishing the bath (results of CRCF in Table 2) resulted in tows with
lower strength than the method without bath renewal. It is worth noting that after a long
period of time from producing the samples, they showed changes in their properties due
to handling and due to the disintegration of the copper layer from the surface of the fibers.
This made it challenging to perform additional tests that can be compared with those of
initially produced samples.
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Fiber surfaces, and internal molecular structures, were investigated at different stages
of the process. In order to avoid examining only the coating layer, fibers from the inner part
of the tows were extracted and carefully examined. Micrographs are presented in Figure 7
for virgin RCF and treated fibers. It can be seen that some surface defects in terms of pits
(enclosed in circles) are presented on surfaces of both types of samples. For the virgin
fibers, these can be inherited manufacturing and handling defects. Similar types of defects
were noticed at the surface of the fibers extracted from the other stages as well. However,
for the treated fibers (e.g., sample S4 presented here), surfaces show additional types of
defects. These defects were in the form of surface roughening, as can be seen from the
inlet of Figure 7d, and increased the size of the pits. It can also be seen from the images in
Figure 7e,f that stressed fibers developed regions of weak points at multiple locations along
the fiber surface (indicated by white arrows). The more stressed the fiber is, the larger the
number of these regions becomes. This can cause catastrophic failure for the coated fibers in
the case where the coating fails at a region in the vicinity of such a weak point. Considering
the increased number of defects on the surface of the treated fibers and the additional risk
presented by the coating failure, it is well justified that these fibers fail at such small loads.
Since the most damaged fibers are present at the outer part of the tows, the load after initial
failure is distributed at continuously decreasing the number of surviving resilient fibers,
which explains the relatively large strain at ultimate failure presented in Figure 4. It is
worth noting that due to the high stretchability of the virgin fibers, they sustain high loads
and fail in a catastrophic way similar to that of a single fiber. On the contrary, coated tows
exhibited the usual progressive failure of tows indicating statistical strength distribution
(e.g., Weibull distribution), which is governed by the distribution of defects. It should also
be mentioned that there was a considerable variation between the surfaces of the different
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fibers, but the above is a general observation at each stage, which was not statistically
evaluated but was correlated to the respective stage.
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Figure 7. Optical micrographs for virgin (a,b,e) and treated fibers (c,d,f). Images (e,f) are for fibers
within tested tows. The treated fibers are taken from the inner part of the bundle to facilitate
examining the bare surfaces of fibers rather than the coating.

Raman spectra of the fibers at different stages are presented in Figure 8, together
with the spectrum of virgin fibers. In general, virgin fibers show typical spectrum of
cellulose represented by the CH, CH2 stretch around 2906 cm−1, H–C–H and H–O–C bend
at 1478 cm−1, H–C–C, H–C–O, and H–O–C bend at 1379 and 1334 cm−1, C–C and C–O
stretch at 1108 cm−1, C–O–C in-plane symmetric at 910 cm−1, and bends of skeletal C–O–C,
C–C–C, O–C–C, and O–C–O at 516–379 cm−1 [29]. Since the loss of mechanical properties
was associated with the plating stage (as indicated by Figure 6), selected samples from
specific stages were analyzed (virgin fibers, S3, S4, and S7) to examine the possible internal
structural changes. However, samples taken from stage 4 (sample S4), showed very strong
fluorescence that it was not possible to resolve a good quality spectrum. Therefore, sample
S7, which undergoes the same steps was selected for the test. It is interesting to notice
that spectra of S3 and the virgin RCF did not differ essentially in terms of the present
peaks and their positions. No new peaks associated with the chemical modification at
that stage were introduced. This can either be due to the selection of the fibers from the
inner part of the bundle where the chemical reaction was not very strong; or to the fact
that they are overlapping with the reference peaks and are too weak to observe. Another
possibility is that these bands are poorly polarizable and are therefore transparent to
Raman. However, more distinctive differences in features for the spectrum of sample S7
were observed. In general, the spectrum was broad and less defined than that of virgin RCF.

68



Materials 2021, 14, 1746 11 of 15

The broadening of the RCF spectra has been associated in the literature to reduced order
of the molecular structure [30]. Moreover, relative intensities seem to differ between the
spectra of the virgin and treated fibers. Alves et al. [31] have reported four main changes
in the relative intensities of the Raman bands related to the structural changes in cellulosic
fibers. The decrease in intensity of the peak at 1121 cm−1 relative to 1096 cm−1 was related
to the degree of organization of fibers and was commonly found in amorphous cellulose.
Shortening of cellulose chain length due to disruption of glycosidic linkages was observed
as a decrease in the ratio of peak intensities at 1096 and 2896 cm−1. Moreover, the degree of
crystallinity of fibers can be correlated to the peak intensities at 380 and 1096 cm−1. Finally,
the crystalline arrangement can be assessed by the intensity of highly ordered crystalline
cellulose (peak at 1476 cm−1) and low organized crystalline cellulose (peak at 1461 cm−1).
The spectra of S7 show most of these features, more particularly, a decrease in the intensity
ratio of the bands at 1476/1461 was noticed (it went from 0.73 in virgin RCF to 0.53 in
S7, while no significant change was noticed for S3). This allows the assumption that the
crystallinity and the structural order of the fiber have been decreased after the treatment,
which might be the reason for the decrease in mechanical properties discussed earlier. The
generally less defined features of the spectrum of S7 imply the same conclusion.
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Figure 8. Raman spectra of virgin RCF compared to fibers at different stages of the electroless
plating process, at three different spectral intervals. (a) 200–800 cm−1, (b) 800–1600 cm−1, and
(c) 2700–3200 cm−1. All peaks are normalized to the maximum peak value at the respective interval;
peaks were shifted vertically for presentation purposes.

4. Potential of Coated Fiber for Use as Strain Sensors

After characterizing fibers for their mechanical properties and the internal structure, an
evaluation of their performance for sensing application was carried out. Typical electroless
copper-plated structures used in electroless plated wiring boards have the potential to
elongate up to 15% without the loss of conductivity [12]. Manufacturing a successful,
durable single tow/epoxy model composite was somewhat challenging. The coating was
detaching due to the frequent handling of the tows and the long-term storage. This has
reduced the chances to obtain testable samples, and thus one good specimen was used
to perform several loading profiles where electrical resistance has been monitored with
respect to the applied strain. First, the sample was strained in a cyclic manner between 0%
and 1.4% strain for 4 cycles followed by other sets of 4 cycles with strain raised up to 1.6%
and 1.7% as shown in Figure 9. As can be clearly seen, these tows’ resistance was increasing
as they were being mechanically strained and consistently decrease to initial resistance at
load removal. The level of increase was also consistent with the change of the strain level.
Further increase of strain from 1.4% to 1.6% or 1.7% results in a subsequent increase in
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the electrical resistance. Another loading scenario represented by the creep-like load is
also shown in the figure. The sample was loaded to 1.7% strain, and the load was held
constant for 10 min. Once again, the resistance lines followed the strain behavior nicely.
As the load was being held constant, the sample creeps and strain increased nonlinearly
with time. The resistance changed at the same rate, taking the shape of the curve in both
parts (loading and holding). A correlation coefficient between the strain and resistance
data sets was found to be 0.903 and 0.926 for the loading and holding parts, respectively.
Note that data in the separate graphs of the two parts were normalized to their initial value
at the individual part for clarity. However, these results were obtained from testing a single
specimen and need to be validated by manufacturing more samples and checking for the
repeatability. Such correlation shows a promising potential for these materials to capture
the strain changes and the possibility to use them as sensors within a composite structure.

 

was detaching due to the frequent handling of the tows and the long-term storage. This 

has reduced the chances to obtain testable samples, and thus one good specimen was used 

to perform several loading profiles where electrical resistance has been monitored with 

respect to the applied strain. First, the sample was strained in a cyclic manner between 0% 

and 1.4% strain for 4 cycles followed by other sets of 4 cycles with strain raised up to 1.6% 

and 1.7% as shown in Figure 9. As can be clearly seen, these tows’ resistance was increas-

ing as they were being mechanically strained and consistently decrease to initial resistance 

at load removal. The level of increase was also consistent with the change of the strain 

level. Further increase of strain from 1.4% to 1.6% or 1.7% results in a subsequent increase 

in the electrical resistance. Another loading scenario represented by the creep-like load is 

also shown in the figure. The sample was loaded to 1.7% strain, and the load was held 

constant for 10 min. Once again, the resistance lines followed the strain behavior nicely. 

As the load was being held constant, the sample creeps and strain increased nonlinearly 

with time. The resistance changed at the same rate, taking the shape of the curve in both 

parts (loading and holding). A correlation coefficient between the strain and resistance 

data sets was found to be 0.903 and 0.926 for the loading and holding parts, respectively. 

Note that data in the separate graphs of the two parts were normalized to their initial 

value at the individual part for clarity. However, these results were obtained from testing 

a single specimen and need to be validated by manufacturing more samples and checking 

for the repeatability. Such correlation shows a promising potential for these materials to 

capture the strain changes and the possibility to use them as sensors within a composite 

structure. 

 

Materials 2021, 14, x  13 of 16 
 

 

Figure 9. (a) Electrical resistance response to the induced mechanical strain in the loading–unloading tensile test at differ-

ent strain levels and (b) electrical resistance response to creep-like test, (c) and (d) are the enlarged views of the loading 

and holding parts in (b), respectively, and are normalized with respect to the maximum value at each part. 

Using the measured properties and theoretical properties of conventional fibers, sim-

ple rule of mixtures, presented in Equation (1), was used to estimate the change in stiffness 

upon addition of copper-treated regenerated cellulose fibers (CRCF) to conventional com-

posites of carbon fibers (CF) and glass fibers (GF) in the epoxy matrix (EP). 

𝐸𝐶 = 𝐸𝑓𝑉𝑓 + 𝐸𝑅𝐶𝐹𝑉𝑅𝐶𝐹 + 𝐸𝑚𝑉𝑚 (1) 

In Equation (1), 𝐸 is the stiffness, 𝑉 refers to the volume fraction, and the subscripts 

C, f, RCF, and m refer to the composite, reinforcing fibers, additional RCF, and the matrix, 

respectively. The volume fraction of the CRCF was varied with respect to a fixed total 
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tensile test at different strain levels and (b) electrical resistance response to creep-like test, (c,d) are
the enlarged views of the loading and holding parts in (b), respectively, and are normalized with
respect to the maximum value at each part.
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Using the measured properties and theoretical properties of conventional fibers, sim-
ple rule of mixtures, presented in Equation (1), was used to estimate the change in stiffness
upon addition of copper-treated regenerated cellulose fibers (CRCF) to conventional com-
posites of carbon fibers (CF) and glass fibers (GF) in the epoxy matrix (EP).

EC = E f Vf + ERCFVRCF + EmVm (1)

In Equation (1), E is the stiffness, V refers to the volume fraction, and the subscripts
C, f, RCF, and m refer to the composite, reinforcing fibers, additional RCF, and the matrix,
respectively. The volume fraction of the CRCF was varied with respect to a fixed total
volume fraction of fibers in the composite (VF = 60%). Theoretical stiffness values used
for the estimation are: GF = 70 GPa, CF = 230 GPa, EP = 3 GPa, and the experimentally
measured value for CRCF = 24.5 GPa presented in Table 2. Results of the estimation are
plotted in Figure 10. As can be seen, the addition of the treated fibers causes a reduction
in the total stiffness of the composite since the added fibers have lower stiffness than the
removed ones. However, up to a fraction of 20% of added fibers, the maximum stiffness
reduction did not exceed 18% for CF/EP and 13% for GF/EP. For sensing application,
only small fractions (5%) of such tows were sufficient for the detection purposes, which
led to smaller negative effects. Compared to optical fibers, this type of sensors was
closer in the dimensions to fibers in the reference composites (especially when properly
impregnated and wetted) and thus did not cause large stress concentrations as do larger
inclusions. Though, one should bear in mind that these fibers exceeded the strain limits of
the conventional composites, but their strength was still not as comparable.
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Figure 10. Reduction in stiffness of conventional composites by addition of coated cellulose tows as
estimated by the rule of mixtures. The equations on the figure correspond to the trendlines of the
data points, where x is the slope of the line.

5. Conclusions

Electroless copper plating process was used to produce conductive regenerated cel-
lulose fibers. Improved quality coating was achieved by depositing copper in multiple
surface activation and plating cycles. The conductive fibers exhibited a decrease in the
mechanical properties, which was traced back to the chemicals in the process. Rather
than the activation bath, the plating step was the most detrimental stage where the fibers’
strength was reduced by approximately 50%. The stiffness was less severely affected as the
initial reduction caused by the wet chemistry did not exceed 23% and was almost wholly
retained when the stiff copper layer was deposited. Both surface defects and internal
changes in the molecular structure were found to be responsible for the degradation of me-
chanical performance as was confirmed by optical microscopy, Raman microspectroscopy
and differential scanning calorimetry. The treated fibers exhibited larger surface defects
(major factor affecting strength) and broader Raman spectra with less defined peaks than
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that of virgin fibers and exhibited earlier thermal degradation. The internal structure
changes were mostly related to the decrease in structure organization and loss of crystalline
order. Despite the reduction in the mechanical performance, these fibers showed potential
to be used for applications where small amounts of conductive tows were needed, or
where conductivity and stiffness were of greater interest than strength. Preliminary results
showed a considerable potential to use these fibers for sensing applications. Incorporating
a number of coated tows in composites of conventional fibers can act as structure health
monitoring devices with a limited adverse effect on the mechanical performance of the
host composite that do not exceed 18% based on theoretical estimations.
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Abstract: The current study investigates varying processing parameters to enhance the 

mechanical properties of nanocomposites by improving the dispersion of nanoparticles. 

Nanocomposites based on two polyethylene grades (LLDPE and HDPE) reinforced with 

graphene nanoplatelets (GNPs) from commercial masterbatches are prepared by the 

conventional melt mixing process. The study investigates the effect of a common 

compatibilizer (MAPE) and shearing forces on prepared nanocomposite systems at varying 

amounts of GNPs. A comparison is made in terms of mechanical properties (tensile and 

flexural) as well as an evaluation of morphology and changes in the microstructure. Results 

show that the increasing amount of GNPs results in a continuous increase in the mechanical 

properties. The addition of the compatibilizer did not result in a significant improvement in 

the performance of both systems. The use of the stronger shear forces, though, resulted in a 

mostly negative impact on the properties of the produced composites. It was concluded that 

for the used GNPs which are functionalized at the edges and well compatible with the polymer 

there is no need for an additional compatibilizer. 

Keywords: PE nanocomposites; Graphene Nanoplatelets; MAPE; Twin-screw extruder; 

Mechanical Properties.  

1. Introduction

Polymer nanocomposites are an attractive class of materials with interesting properties.

They can be candidates for replacing conventional composites in a wide range of applications 

where weight-saving, chemical, or heat resistance are as important as load bearing. These 

nanocomposites are made by the incorporation of a discontinuous, nano-dimensional phase 

(having at least one dimension less than 100 nm) into the continuous phase (the matrix) [1]. 

Typically, a large interface/interphase region is formed between the phases which results in a 

substantial reinforcing effect [2], especially for reinforcements with a very large aspect ratio 

(lateral size to thickness ratio (d/t) ~1000 [3]). However, the strong cohesive interaction and 

large surface area to volume ratio is a major contributor to the challenge of the nano-phase 

dispersion in the polymer matrix that results in the formation of aggregates. The state of 

dispersion of the particles determines their reinforcing efficiency as well as the formation of 

the network required for the transport properties they induce to the system (e.g., thermal, or 

electrical conductivities). Nanoparticles with a layered structure can have three states of 
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dispersion: i) a conventional micro-composite, ii) an intercalated composite, and iii) fully 

exfoliated composite. The optimum for nanocomposites is the exfoliated states where the 

platelets’ layers are fully separated into single sheets and distributed homogeneously in the 

matrix. However, in most cases, it is difficult to achieve one particular state in the 

nanocomposite, and a mixture of the different states is present [4], especially at large-scale 

productions. 

Graphene nanoplatelets (GNPs) are a type of graphene derivative being used for nanoscale 

reinforcement in polymers as a cost-effective alternative to the more expensive single- or few-

layered graphene sheets [5]. It is a 2D layered structure of graphene sheets bonded by Van der 

Waals forces most efficiently produced by exfoliating graphite [6]. Similar to other nano-scale 

reinforcement, GNPs exhibit a tendency to re-stack and aggregate resulting in poor dispersion 

in the polymer.  

Direct covalent functionalization of the reinforcement can be a way to improve the 

compatibility of graphene/graphene derivatives to the polymer. However, the process is slow, 

rather expensive and might not be directly industrially scalable [7]. Additionally, extensive 

functionalization of the graphene surface results in a loss of some of the desired properties such 

as electrical conductivity by the presence of molecules hindering the electron transport path 

[6,8]. Moreover, the traditional functionalization with carboxylic and hydroxyl functional 

groups works well for the improved compatibilization of the polar polymer while polymer 

grafting for polymer segments is used for the compatibilization of poor polarity polymers such 

as high-density polyethylene (HDPE) [9]. Nevertheless, the technique has been reported to 

improve the mechanical properties and barrier properties of polar polymers by improving to 

some extent the interface between the polymer and the reinforcement [10].  

The use of compatibilizer has been identified as an effective and efficient method to 

enhance the compatibility between the reinforcement and polymer, particularly when the 

reinforcement is not functionalized, hence beneficial for good dispersion of the particles 

through the noncovalent bonding between the reinforcement and the base polymer. HDPE/GNP 

composites were prepared in the presence of a compatibilizer in melt extrusion and results 

showed a significant increase in the mechanical properties at high GNP loadings [7]. The 

presence of a compatibilizer not only improved the properties of the resulted nanocomposites 

but also showed a potential to obtain these properties at less fierce processing parameters that 

is both energy efficient and reduce wear of the machine [11].  

The screw configuration together with other processing parameters has an effect on the 

dispersion of the reinforcement and the quality of the produced nanocomposites [4,12]. A 

morphological study on a polymer nanocomposite reinforced with GNPs prepared by melt 

mixing showed that the addition of kneading elements improved the exfoliation and breaking 

down of GNP agglomerates along the extruder [13].  

The current work reports on the experimental investigation of different nanocomposites 

produced from commercial masterbatch of GNP by varying production parameters. 

Comparison is made in terms of the effect on mechanical properties (tensile and flexural) as 

well as evaluation of morphology and microstructure with SEM. The effect of parameters on 

the thermal stability of the composites is also investigated using thermogravimetric analysis. 

Contrary to the expectations from previous investigations the usual factors, such as 

compatibilizer and high shear forces, did not improve. 
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2. Materials and Methods 

Two grades of polyethylene (PE) were used as the polymer matrix in a pellet form. The 

reinforcement is in form of commercial masterbatch pellets with pre-dispersed GrapheneBlack 

3X in a respective matrix. These GNPs are functionalized at the edges by the supplier with a 

limited amount of carbonyl and hydroxyl groups so that the oxygen amount at the end does not 

exceed 7 atomic % [14]. Maleic Anhydride-grafted PE (MAPE) as a polymer modifier was 

selected to have MFI close to that of the polymer system. Specifications of the materials used 

in the study are listed in Table 1 based on the technical datasheets. 

 

Table 1. Properties of commercial materials used in the work as provided by the supplier. 

   System 1 System 2 

Matrix Grade LLDPE HDPE  

 Commercial name  Q1018H MG9647S  

 Provider Qatofin Borealis 

 Density (g/cm3) 0.918 0.964  

 MFI (g/10 min @190 ⁰C) 1 8 

 Melting Point (⁰C) 122 132* 

Compatibilizer Type MAPE 

 Commercial name  E226  E265 

 Provider DuPont  DuPont  

 Density (g/cm3) 0.93 0.95 

 MFI (g/10 min @190 ⁰C) 1.75 12 

 Melting Point (⁰C) 120 131 

Reinforcement Type GrapheneBlack 3X  

 Provider NanoXplore 

 Bulk density (g/cm3) 0.18 

 Flake size (µm) 38 

 Average no. of layers ~6-10 

*actual measured value – not from the datasheet. 

 

The composites were manufactured by melt compounding in a twin co-rotating screw 

extruder, ZSK25 (Krupp Wener & Pfleiderer GmbH, Germany) shown in the sketch in Figure 

1 followed by compression molding. The processing parameters and screw configurations are 

detailed in Table 2. For System 1, where the effect of the addition of GNPs is studied, the 

masterbatch was mixed with the base polymer so as to obtain varying content (4, 6, 8, and 10 

wt%) of the GNPs in the composite. Two types of samples were produced for this system. One 

in which MAPE is present in an equivalent amount to that of GNPs (i.e., 1:1 wt%) and another 

without the addition of MAPE. This system was produced using a high rotating speed screw 

with a configuration containing a large number of kneading elements resulting in strong shear 

force. The name and composition of the samples are presented in Table 3.  

System 2 was manufactured to study how properties change with variation of shear forces 

(strong vs standard) and the ratio of MAPE/GNP content (1:5 vs 1:1 wt%) at a fixed GNP 

content (15 wt%). The standard configuration differs from the strong configuration in the 
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smaller number of kneading elements and the slower rotational speed of the head screw. Thus, 

five types of samples are investigated which are introduced with their names and compositions 

in Table 3. For these samples, the configurations of the screw are indicated as STD for standard 

and SS for strong shear.  

All materials were compounded only once and the extrudate was heated in an infrared oven 

for 30 min at 220 °C, then pressed using a conventional 310-ton compression molding press 

(Fjellman Press AB, Marinstad, Sweden).  

 

 

Figure 1. Sketch of the extruder showing the different zones. 

 

Table 2. Parameters of the extrusion process with the standard screw configuration in the 

zones. 4 extra kneading blocks were added for the stronger shear forces. 

Extruder Zones, Temperatures and Elements 

Zones 1 2 3 4 5 6 7 8 9 10 11 12 

Temp (°C) - 180 180 200 200 200 200 200 200 

Elements* 3 × C 
2 × C + 5 × 

K + R + C 

3 × 

C 

2 × K + 

C + D 

C + 2 × 

K + C 

3 × C + D + 

2 × C + K + 

C 

K + C 

+ K + 

C 

6 × C C 

Length 

(mm) 
100 200 100 100 100 200 100 200 25 

Regions 
Solid 

feed 
Melting 

Side 

feed 
Dispersing Homogenizing Discharge 

Configurations Standard/Strong 

Speed of head screw (rpm) 120/200 

Temp ranges (°C) (system 1/system2) 190-230 /180-200 

Mass flow (kg/h) 8 

* C = conveying element, K = kneading block, R = reversed conveying element, D = dispersion element.  

 

Table 3. Names and specifications of the produced samples 

Name PE (wt%) GNP (wt%) MAPE (wt%) Shearing forces 

System 1 (LLDPE)  

LLDPE 100 0 0 Strong 

LLDPE4 96 4 0 Strong 
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LLDPE6 94 6 0 Strong 

LLDPE8 92 8 0 Strong 

LLDPE10 90 10 0 Strong 

LLDPEM4 92 4 4 Strong 

LLDPEM6 88 6 6 Strong 

LLDPEM8 84 8 8 Strong 

LLDPEM10 80 10 10 Strong 

System 2 (HDPE) 

HDPE15-STD 0 85 15 0 Standard 

HDPE15-STD 0.2 82 15 3 Standard 

HDPE15-STD 1 70 15 15 Standard 

HDPE15-SS 0.2 82 15 3 Strong 

HDPE15-SS 1 70 15 15 Strong 

 

Tensile test was performed on rectangular 15 mm wide and 200 mm long samples (grip 

separation 100 mm) using Instron 3366 universal testing machine (Instron®, Norwood, MA, 

USA) equipped with 10 kN load cell and pneumatic grips. Tests were performed in an extension 

control mode with a crosshead speed of 5 mm/min (corresponding to 5%/ min) following the 

guidelines of ASTM D638-14 [15]. The load was applied in ramps where the samples were 

loaded first to a strain of 0.25% then almost completely unloaded (to ~5 N) then loaded again 

until failure. For the samples with high elongations to break, the test was stopped after a strain 

of ~9% was reached. The tensile modulus was calculated from the slope of the unloading part 

of the first loading-unloading ramp by linear fitting the experimental data between 0.05% and 

0.25% of strains. 

 Following guidelines of ASTM D790-17 [16], the flexural test was performed on an 

Instron 4411 universal testing machine (Instron®, Norwood, MA, USA) equipped with a 5 kN 

load cell and a 3-point bending fixture with a support span to sample thickness ratio of 16:1. 

Samples with dimensions of 80 mm in length, 16 mm in width, and a nominal thickness of 4 

mm (support span ~64 mm) were loaded until failure with the cross-head speed corresponding 

to 5%/min (according to ASTM D790-17). The maximum deflection point was set as a 

criterium for the test stop corresponding to 5% strain (on the outer surface of the specimen). It 

should be noted that not all specimens failed before the flexural test was interrupted. Modulus 

was calculated from the initial region of stress-strain curves between the strains of 0.05-0.2%. 

Morphology of nanocomposites was investigated on test fractured specimens utilizing 

JEOL JCM-6000 Neoscope Scanning Electron Microscope (SEM). Fracture surfaces from 

tensile tested samples were coated with a thin layer of conductive element to avoid charging of 

the plastic surface and investigated in a secondary electron mode. Samples that did not fracture 

during tests, were investigated on manually cryo-fractured surfaces after immersion in liquid 

nitrogen. 

Thermogravimetric analysis was performed on Thermo Gravimetric Analyzer TGA Q500 

(TA Instruments, New Castle, DE, USA) under a nitrogen environment (40 ml/min). Samples 

weighing ~15 mg were heated from room temperature (RT) to 600 °C at a rate of 10 °C/min. 
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3. Results 

3.1 System 1 

3.1.1. Mechanical properties 

Representative stress-strain curves of the composites are shown in Figure 2 (not all 

materials are represented in the graph to keep it clear) and numerical values are listed in Table 

4 for tensile and flexural test results. It can be seen that in general there is a significant 

improvement in the mechanical properties with the first addition of the nanoparticles (88% for 

tensile modulus, 36% for flexural modulus at 4wt% GNPs). The improvements continue to 

increase as the amount of particles increases, exceeding 150% and 110% in tensile and flexural 

moduli at 10 wt% content of GNPs, respectively. At the same time, the strain at yield stress 

shows a notable decrease with the addition of the GNPs which is explained by the restricted 

mobility of the polymer chains. Moreover, addition of MAPE does not change the observed 

trend, and samples with MAPE show similar improvements in comparison to the neat polymer. 

However, the presence of a compatibilizer does not further improve the properties of polymer 

with GNP and the changes are within experimental scatter. For example, the addition of MAPE 

resulted in improvements within 1-6% in the modulus and 2-8% in the stress among all the 

formulations. On the other hand, this addition results in a negative impact on the flexural 

properties recording a decrease of ~9% and ~4% for the flexural modulus and stress, 

respectively at the maximum reinforcement. This decrease could be a result of the 

agglomeration of the nanoparticles at higher content and the weakening of the interface, but the 

negative impact shown even at the lower content of the GNPs in the presence of MAPE is 

suggesting the inefficiency of MAPE to further improve the compatibility or dispersion of the 

nanoparticles in the polymer. Trends of the properties are viewed in the bar charts in Figure 3. 

 

  

(a)                 (b) 

Figure 2. Mechanical properties of system 1 based on LLDPE. a) Representative tensile stress-strain 

curves, b) Representative flexural stress-strain curves. Note that the tensile test was stopped at 9% 

strain before the failure of the samples.  
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Table 4. Numerical averages and standard deviations of the tensile and flexural properties of System 1 

Tensile test 

 Modulus Stress* Yield Stress Strain @ yield 

  (GPa) (MPa) (MPa) (%) 

LLDPE 0.42 [0.03] 7.48 [0.39] 2.66 [0.28] 0.86 [0.01] 

LLDPE4 0.79 [0.02] 8.91 [0.11] 2.74 [0.08] 0.55 [0.00] 

LLDPE6 0.85 [0.02] 9.70 [0.20] 3.16 [0.12] 0.57 [0.01] 

LLDPE8 0.96 [0.05] 10.18 [0.12] 3.44 [0.06] 0.56 [0.02] 

LLDPE10 1.12 [0.09] 10.90 [0.22] 3.93 [0.22] 0.55 [0.01] 

LLDPEM4 0.83 [0.08] 9.65 [0.15] 3.04 [0.06] 0.57 [0.04] 

LLDPEM6 0.90 [0.06] 9.93 [0.23] 3.27 [0.16] 0.56 [0.01] 

LLDPEM8 0.97 [0.08] 10.80 [0.20] 3.81 [0.11] 0.60 [0.04] 

LLDPEM10 1.15 [0.03] 11.38 [0.29] 4.18 [0.29] 0.56 [0.02] 

Flexural Test  

 Modulus A** B** Stress C** D** 

  (GPa) (%) (%) (MPa) (%) (%) 

LLDPE 0.45 [0.08]   12.80 [0.12]   
LLDPE4 0.63 [0.10] 38.84  15.99 [0.61] 24.95  
LLDPE6 0.77 [0.03] 69.31  16.24 [0.17] 26.89  
LLDPE8 0.87 [0.01] 91.58  17.26 [0.31] 34.91  
LLDPE10 0.96 [0.05] 112.61  18.52 [0.28] 44.73  
LLDPEM4 0.60 [0.05] 32.05 -4.89 14.69 [0.21] 14.81 -8.12 

LLDPEM6 0.71 [0.05] 56.04 -7.84 16.61 [0.37] 29.78 2.28 

LLDPEM8 0.82 [0.04] 80.65 -5.71 17.70 [0.40] 38.30 2.52 

LLDPEM10 0.88 [0.02] 93.60 -8.94 17.81 [0.52] 39.20 -3.82 

* Stress at a strain of 5%.  **A, C= relative difference of modulus and stress with respect to neat 

polymer; B, D= relative difference of modulus and stress with the corresponding non-MAPE-containing 

composite. Values inside [] indicate standard deviation.  

 

  
     (a)           (b) 

Figure 3. Trends of mechanical properties of System 1 based on the LLDPE matrix at varying amounts 

of GNPs and MAPE. a) Tensile properties, b) Flexural properties 
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3.1.2. Morphology  

The SEM fractographs of samples from System 1 are presented in Figure 4. It can be seen 

that there is a big difference in the fracture surface of the polymer in the presence of the GNPs. 

Comparing samples LLDPE4 and LLDPE10, the surface represents a more brittle fracture with 

less fibrillated polymer. The fibrils become even shorter in the presence of MAPE (image d). 

Overall, the GNPs appear mostly with clear surfaces at the viewed magnifications and are 

separated from the polymer by gaps (squares in images b and c) suggesting a relatively poor 

interaction between the polymer and the particles. Such gaps are not visible in the samples with 

MAPE as they appear better embedded in general as can be seen enclosed in the rectangle in 

image d. It could also be seen that the size of the particles visible at the surface is in general 

larger than the lateral size reported in the datasheet (38 µm). On the other hand, smaller well-

dispersed particles could also be spotted (enclosed in the oval) which confirms the presence of 

mixed states of the reinforcement (micro and nano-reinforcement) at the same time.  

 

  
     (a)             (b) 

  
     (c)             (d) 

Figure 4. The freeze-fracture surface of samples from system 1. (a) LLDPE, (b) LLDPE4, (c) 

LLDPE10, and (d) LLDPEM10.  
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3.2 System 2  

3.2.1. Mechanical properties 

Representative stress-strain curves of the tested materials in tension and bending are shown 

in Figure 5. It can be seen that, as a general trend, the material is becoming less stiff and less 

ductile upon modification of any of the variables. Since the content of the GNPs is constant in 

all these samples, the change in the properties is only attributed to the effect of MAPE and the 

screw configurations on the polymer and the dispersion of the particles. A minimum reduction 

of 19.5% in stiffness and 10% in strength are registered (for strong shearing and 1:1 

MAPE/GNPs ratio) compared to the reference samples of HDPE15-STD. Additionally, no 

distinctive differences are found between all the modified composites in terms of stiffness. On 

the other hand, stress and elongation at break show some differences within the batches (see 

the standard deviations in Table 5 and  

Table 6) and between the different configurations. Similar trends with less dramatic 

reduction are observed for the flexural test results where the bonding between the polymer and 

the GNPs is less crucial as tensile stress is present in a smaller volume of material and the rest 

of the specimen is under compressive stresses.  

Table 5 and  

Table 6 present the mean values of the obtained properties from tensile and flexural tests, 

respectively, along with the standard deviation. Only at a high concentration of MAPE do 

materials retain an insignificant percent of their properties as can be seen from Figure 6. (7% 

for T-modulus at a 1:5 ratio, and 0.5% for the 1:1 ratio). Degradation in the stresses in all the 

formulations also signals the presence of agglomerations that results in an increased stress 

concentration and premature failure.  

 

  
(a)              (b) 

Figure 5. Representative stress-strain curves for System 2. (a) in tension; (b) in bending. 
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Table 5. Tensile properties of the tested materials. Values are the average of 5 tests with 

standard deviation in between the brackets. 

Tensile Test 

 Modulus Strength Yield strength Elongation at break 

 
(GPa) (MPa) (MPa) (%) 

HDPE15-STD 0 4.51 [0.31] 29.32 [1.05] 14.52 [1.92] 8.32 [1.09] 

HDPE15-STD 0.2 3.38 [0.09] 22.57 [0.45] 11.71 [0.15] 3.14 [0.20] 

HDPE15-STD 1 3.64 [0.09] 25.29 [0.36] 12.40 [0.24] 5.20 [0.97] 

HDPE15-SS 0.2 3.47 [0.09] 21.15 [3.32] 11.95 [0.39] 2.44 [1.13] 

HDPE15-SS 1 3.49 [0.09] 24.07 [0.43] 11.87 [1.12] 3.59 [0.81] 

 

Table 6. Flexural properties of the tested materials. Values are the average of 5 tests with 

standard deviation in brackets.  

   Modulus Max stress Strain at max stress 

   (GPa) (MPa) (%) 

HDPE15-STD 0   2.84 [0.26] 46.08 [3.40] 5.90 [0.29] 

HDPE15-STD 0.2   2.12 [0.18] 38.64 [0.19] 6.54 [0.47] 

HDPE15 STD 1   2.44 [0.07] 40.70 [0.34] 6.24 [0.10] 

HDPE15-SS 0.2   2.46 [0.22] 38.70 [0.41] 6.34 [0.96] 

HDPE15-SS 1   2.42 [0.13] 40.31 [1.04] 6.18 [0.12] 

 

 

Figure 6. Graphical comparison of the tensile properties of System 2. 

3.2.2. Morphology 

Figure 7 shows the fracture surfaces of the material after the tensile test. There is no 

significant difference in the microstructure due to the processing parameters. The platelets seem 

to have the same degree of dispersion in all composites’ configurations. However, from the 

fracture surfaces, one can notice that the configurations with lower content of MAPE have more 
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exposed platelets on the surface while the configurations with higher MAPE content are mostly 

covered with polymer and only show edges of the platelets. This can be an indication of better 

compatibility between the polymer and reinforcement. On the other hand, there is no evidence 

of better dispersion due to the higher shear forces during processing. In both cases, any 

improvement in the microstructure was counteracted by another mechanism that resulted in no 

improvement in the mechanical properties.  

 

  

  

  

  

  

  

Figure 7. Different fracture surfaces of the samples tested in tension. 

Force fractured HDPE15-STD 0 Freeze fractured HDPE15-STD 0 

HDPE15-STD 0.2 HDPE15-STD 1 

HDPE15-SS 0.2 HDPE15-SS 1 
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3.2.3. Thermogravimetric analysis  

Results of the thermogravimetric analysis of System 2 are presented in Figure 8. Tests were 

repeated twice for confirmation of the trends, and curves are presented with numbers 1 and 2 

next to the configuration name. The results show that in general changes in parameters did not 

alter the properties of the polymer in a specific notable trend but resulted in increased variations 

within the tests of the same batch. However, the samples prepared with strong shear forces (red 

and purple lines/dots) show slightly lower degradation temperatures compared to those of the 

standard process as can be seen from the enlarged circle of the top portion of the graph. Residual 

masses from the same sample in the two tests were markedly different indicating the 

inhomogeneity of the material as can be seen in the enlarged square for the lower part of the 

curves. All formulations were expected to result in a residual mass of 15% (the wt% of GNPs) 

but as low as 8% was left for some of the specimens.  

 

Figure 8. TGA analysis of System 2 based on HDPE. 

4. Discussions  

The obtained results are contrary to expectations or previous reports. None of the varied 

parameters showed a significant positive effect on the studied properties of the prepared 

nanocomposites. It is possible to speculate that contradicting negative mechanisms occur during 

the processing shading the positive effects. From the micrographs, it could be seen that better 

compatibility exists between the polymer and the matrix which was not reflected in the 

mechanical properties. It is possible that MAPE could have increased the compatibility with 

the reinforcement, but the stronger shear forces could have resulted in much worse effects on 

the polymer properties and degradation in the size of reinforcements. The higher temperatures 

used for System 1 resulted in low viscosity melt and reduced the effectiveness of the strong 

shear forces by the addition of the kneading elements or the fast rotation speed of the screw to 

separate the GNP layers. Similarly, the compatibilizer has probably resulted in altering the 

rheological properties of the polymer more than it did for the compatibility of the GNPs and 

the polymer. The modification of the composites’ components might have led to the need to 

modify the processing temperature and pressure. Previous research [11] on the type of 
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compatibilizer used for the dispersion of platelets in a polymer showed that a compatibilizer 

with MFI identical to that of the base polymer resulted in the greatest improvement in the 

properties. In the present study, there is a difference in the MFI between the base polymer and 

MAPE (75% and 50%, for System 1 and System 2, respectively) which might have an effect 

on the quality of the resulting material. The plasticizing effect resulting from the higher MFI of 

the MAPE counter affected its expected compatibilization function and degraded the 

mechanical properties. Additionally, one can conclude that the use of the reinforcement in a 

masterbatch might eliminate the need for a compatibilizer. It might be difficult to access the 

particles within the masterbatch for better adhesion or dispersion of the GNPs. One can 

speculate that the stronger shear forces are more likely to improve the dispersion of the GNPs 

than the use of the compatibilizer. However, this is counteracted by the possible breakage of 

the particles [17], reducing their aspect ratio and thus, their reinforcing effectiveness.  

   

5. Conclusions  

GNP reinforced polyethylene nanocomposites were prepared by melt mixing of a 

masterbatch containing a high concentration of edgily functionalized GNP with neat polymer. 

The nanocomposites were prepared by varying the screw configuration in the extrusion process 

and with or without the addition of compatibilizer. Results showed no significant changes in 

the morphology of the nanocomposites in terms of dispersion or distribution of the 

nanoparticles. On the other hand, compared to the reference materials where no modification 

to the process occurred, all tested materials showed degradation in the mechanical properties. 

It can be concluded that the covalent functionalization of the GNPs when the masterbatch is 

manufactured is sufficient for the improvement in the mechanical properties of the polymer 

without the need for an additional compatibilizer.   
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Abstract: This paper investigates the utilization of commercial masterbatches of graphene
nanoplatelets to improve the properties of neat polymer and wood fiber composites manufactured by
conventional processing methods. The effect of aspect ratio of the graphene platelets (represented by
the different number of layers in the nanoplatelet) on the properties of high-density polyethylene
(HDPE) is discussed. The composites were characterized for their mechanical properties (tensile,
flexural, impact) and physical characteristics (morphology, crystallization, and thermal stability).
The effect of the addition of nanoplatelets on the thermal conductivity and diffusivity of the reinforced
polymer with different contents of reinforcement was also investigated. In general, the mechanical
performance of the polymer was enhanced at the presence of either of the reinforcements (graphene or
wood fiber). The improvement in mechanical properties of the nanocomposite was notable considering
that no compatibilizer was used in the manufacturing. The use of a masterbatch can promote utilization
of nano-modified polymer composites on an industrial scale without modification of the currently
employed processing methods and facilities.

Keywords: graphene nanoplatelets (GNPs); nanocomposites masterbatch; wood polymer composites
(WPC); energy transport; high density polyethylene (HDPE)

1. Introduction

The growing awareness of the environment and the demands for increasing the sustainability
in resources and industries have urged the development of bio-based materials for use beyond
their structural applications. Production of bio-based materials such as wood polymer composites
(WPCs) with added functionalities (e.g., thermal or electrical conductivities) can partially answer these
demands. This can be made possible by profiting from the advances in the research and technology
of nanomaterials.

Modification with graphene and graphene derivatives has been realized recently as a way to
increase the mechanical properties of polymers as well as wood polymer composites and/or to impart
functionality, such as thermal/electrical conductivity or electromagnetic shielding interference [1–3].
The application of graphene nanoplatelet (GNPs) in composites is foreseen to grow between 2018 and
2025 by about 40% as it is being increasingly researched for composite-utilizing industries, such as
construction, aerospace, and automotive sectors [4,5]. Available studies have shown the potential of
modifying wood composites with nano-reinforcement to improve properties making them candidates
for advanced construction applications [6,7].
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Incorporation of different graphene-based derivatives has shown positive effects on the thermal,
electrical, and mechanical properties for a variety of thermoplastics, such as polylactic acid (PLA) [8],
polyvinyl alcohol (PVA) [9], polyethylene terephthalate (PET) [10,11], polyamide (PA) [12], and others.
For example, the mechanical properties of high-density polyethylene (HDPE) were continuously
enhanced with the addition of GNPs up to 15 wt% [13]. Moreover, 16% improvement in thermal
conductivity of HDPE nanocomposites prepared by a melt-mixing process was achieved at a graphene
content of only 1 wt% [14]. Similarly, GNPs were found to improve the properties of wood polymer
composites (WPCs) [15,16]. The addition of 12 wt% of GNP resulted in more than a 30% improvement
in flexural properties of the WPC and above a 200% increase of the thermal conductivity compared to
the control WPC sample [15]. However, in the case of wood polymer composites, a compatibilizer
is usually employed to increase the adhesion between the wood and the polymer. Compatibility of
the nanofillers with the polymer matrix has also been reported to be increased by the addition of
a compatibilizer [17,18].

One of the main challenges of reinforcing polymers with graphene is its tendency to aggregate
and restack which results in a reduced graphene/polymer contact area and limited load transfer
efficiency. It also reduces their efficiency to the added functionality of the composites and, thus,
hinders their utilization in the various applications [6]. Selection of an appropriate production
method of the nanocomposite [18] and chemical functionalization of graphene [8] can mitigate the
abovementioned problem. Solution mixing and in situ polymerization of the polymers in the presence
of GNP are found to be efficient processes to produce well-dispersed nanoparticles in the polymers [19].
Nonetheless, among other disadvantages, these processes are not easily scaled up and difficult to
provide the large amounts of nanocomposites required for industrial-scale production. On the other
hand, melt mixing is a more cost-effective method that utilizes conventional processing techniques of
polymers, such as screw extrusion. The shear forces applied by the rotating screws contribute to the
separation of the graphene sheets in the platelets to achieve the dispersion of the nano-reinforcement.
This technique, though, would still require dealing with the dry form of the GNP, which can be
hazardous and also challenging to feed into the equipment due to its low bulk density [20].

Recently, tackling these problems have been made easier with the emerging technology of the
patented nanocomposite masterbatches [21]. Such materials are polymers with high content of the
nanoparticles (graphene, carbon nanotubes, or clay platelets) which are well dispersed using scalable,
environmentally friendly techniques [22] and ready to be mixed with base polymer to prepare the
composite with desired nano-reinforcement content by melt mixing. This technique ensures easy,
improved dispersion due to the additional step of shearing the compound and high throughput of
materials while at the same time achieving improved mechanical and functional properties. Despite the
existence of studies in which the masterbatch technique is used (at lab or pilot scales) in the preparation
of the polymer nanocomposites, there is no study (to the best of authors knowledge) that reports its
use in developing GNP modified wood polymer composites using melt mixing with limited amounts
of coupling agent.

In this work, a commercial masterbatch of GNPs in HDPE was used to enhance the
physical-mechanical properties of the polymer and wood flour-reinforced polymer composite.
The graphene platelets in the masterbatch are functionalized at the edges for improved compatibility
with the polymer while preserving the characteristics of graphene in the bulk. Polymer nanocomposites
were manufactured without the addition of a coupling agent and in a single run through the extruder
while a limited amount of the coupling agent was used in the preparation of the WPC. The synergistic
effect of reinforcing the polymer with varying amounts of wood and GNPs was also demonstrated.
The choice of material and the production technique contribute to the development of sustainable
industry and products ready for upscaling without the need to develop new, more sophisticated,
and expensive processes.
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2. Materials and Methods

2.1. Materials

Thermoplastic of high-density polyethylene (MG9647S) in the form of pellets was purchased
from BOREALIS AG (Vienna, Austria). Two HDPE-based masterbatches with edgily functionalized
carbon platelet additives were used. The first masterbatch is heXo HDPE1-V20/35 (further denoted
as M1, from NanoXPLOre, Montreal, QC, Canada) with 35 wt% dispersed graphene nanoplatelets
having average thickness of 20 nm, flake size of 50 µm, and the number of layers in one platelet
is ~40. The second masterbatch contains 25 wt% Graphene BlackTM 3X (further referred to as M2,
from NanoXPLOre, Montreal, QC, Canada) having 6–10 layers in the platelet with a flake size of 38 µm.
According to the manufacturer, the functionalization of the platelets resulted in an oxygen content that
did not exceed 7 wt% in both masterbatches. The wood flour (WF, from Scandinavian Wood Fiber AB)
is sawdust of spruce and pine wood with 75% of its particles in the size range 200–400 µm. The term
“wood fiber” is also used in the following sections to refer to the particles of the wood flour due to the
relatively large aspect ratio of these particles. More than 60% of the particles have an aspect ratio larger
than 3 (see Figure S1 in Supporting Information). Maleic anhydride-grafted high-density polyethylene
(MAPE), E265, provided by DuPont (DuPont, Wilmington, DE, USA), was used as the compatibilizer
in WPC.

2.2. Fabrication of the Composites

Nanocomposites with selected amounts of GNPs were manufactured by feeding the masterbatch
with neat polymer into a co-rotating twin screw extruder ZSK25 (Krupp Werner and Pfleiderer
GmbH (now Coperion), Stuttgart, Germany) with an l/d of 44 (a schematic of the extruder depicting
the different zones is shown in Figure S2). The operation parameters and temperatures of the
extruder are presented in Table 1, while the sample nomenclature with its composition is presented in
Table 2. These parameters were used to manufacture all of the composites (reference WPC, as well as
GNP-modified), the nano-modified WPC were prepared using masterbatch M1. Prior to manufacturing,
wood flour was dried for 8 h in an oven at 100 ◦C then fed through the side feeder into the extruder while
all other components (HDPE, MAPE, and masterbatch) were mixed and fed through the main feeder.
The WPC (with and without GNPs) were run through the extruder twice while the nanocomposites
went a single run through the extruder, as shown in Table 1.

Table 1. Parameters of the extrusion process.

Extruder Zones, Temperatures and Elements

Zones 1 2 3 4 5 6 7 8 9 10 11 12

Temp (◦C) - 180 180 200 200 200 200 200 200

Elements * 3 × C 2 × C + 5 × K + R + C 3 × C 2 × K + C + D C + 2 × K + C 3 × C + D + 2 × C + K + C

K
+ C
+ K
+ C

6 × C C

Length
(mm) 100 200 100 100 100 200 100 200 25

Regions Solid feed Melting Side
feed Dispersing Homogenizing Discharge

Screw Speeds and Material Flow

Material WPCs Nanocomposites

Speed (rpm) of head screw round 1 round 2 120

300 120 -

Mass flow (kg/h) 10 8 8

Speed (rpm) of side screw 300 300

* C = conveying element, K = kneading block, R = reversed conveying element, D = dispersion element.

95



Materials 2020, 13, 2089 4 of 18

Table 2. Name and composition of the studied samples.

Sample Code HDPE (wt%) GNP (wt%) WF (wt%) MAPE (wt%)

PE0 100 – – –
PE2-M1

98 2 – –
PE2-M2
PE6-M1 94 6 – –
PE15-M1

85 15 – –
PE15-M2
25WPC 74 – 25 1
40WPC 58.5 – 40 1.5

25WPC10 * 63.9 9.6 25 1.5
40WPC7.5 * 50.9 7.6 40 1.5
40WPC15 * 43.5 15 40 1.5

* All WPCs reinforced with GNP reported here are produced with masterbatch M1.

Measured amounts of the extrudate were heated in an infrared oven for 30 min at 220 ◦C,
then plates were pressed using a conventional 310-ton compression molding press (Fjellman Press AB,
Marinstad, Sweden). The resulting circular plates having the dimensions of 320 mm in diameter and
4 mm in thickness were then cut into rectangular samples using a waterjet followed by drying in the
oven at 80 ◦C for 8 h. For the neat polymer, pellets were directly melted, and compression molded
under the same conditions except that they were not extruded.

2.3. Characterization

2.3.1. Morphology

The composites were characterized by using JEOL JCM-6000 Neoscope scanning electron
microscopy (JEOL Technics LTD, Tokyo, Japan) on test-fractured surfaces or freeze-fractured surfaces
sputter-coated with a thin layer (<15 nm) of conductive element (gold or palladium).

2.3.2. Tensile Test

Rectangular samples with dimensions of 15 mm × 200 mm (100 mm gauge length) were tested on
an Instron 3366 universal testing machine (Instron®, Norwood, MA, USA) equipped with 10 kN loadcell
and pneumatic grips. Tests were performed in an extension control mode with a cross head speed of
5 mm/min for the PE0/nanocomposites and 2 mm/min for the composites with WF (this corresponds
to strain rates of 5%/min and 2%/min, respectively). Strain was measured by a standard Instron
extensometer (Instron 2620-601, Instron®, Norwood, MA, USA) with a base length of 50 mm. An initial
loading-unloading step with a maximum applied strain up to 0.25% was performed to measure initial
stiffness of undamaged material. Assuming the linearity of behavior in this region, stiffness was
obtained from the slope of the unloading segment of the ramp within a 0.20–0.05% strain interval.
Subsequently, the sample was loaded with the same rate until limitation of the extensometer was
reached and test was finished (this limit did not necessarily break the samples). The yield stress was
obtained by the intersection point of the stress–strain curve with the 0.2% offset strain line following
guidelines of the ASTM D638-14 [23]. A minimum of five valid tests were conducted and the presented
results are the average of all recorded values.

2.3.3. Impact Test

Impact strength was determined by performing impact test on Charpy-type setup (WPM
Werkstoffprüfsysteme Leipzig GmbH, Markkleeberg, Germany). This apparatus is equipped with
a hammer capable of providing a maximum breaking energy of 14.7 J for a sample resting on supports
separated apart by 30 mm with an impact velocity of 3.8 m/s. The equipment was calibrated according
to the ASTM standard D6110-10 [24] and the energy value readings were corrected to the windage
of the hammer and the energy losses due to friction. Specimens (five per test) of dimensions of
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125 mm × 12.7 mm (length × width) were notched to a V shape notch (angle of 45◦, radius of 0.25 mm,
depth of ~2.5 mm) manually using a razor blade to the possible accuracy on one edge and impacted on
the opposite unnotched edge. The accuracy of the notch was not taken as assessment criteria for the
validity of the specimen for test. The reported impact strength is the result of dividing the net breaking
energy by the total area of the developed crack (cross-section area of the unnotched portion of the
specimen).

2.3.4. Flexural Test

Following the guidelines of ASTM D790-17 [25], flexural properties were determined by means
of a three-point bending test setup on an Instron 4411 machine (Instron®, Norwood, MA., USA)
equipped with 5 kN loadcell. Five specimens having dimensions 80 mm, 16 mm, and 4 mm (length,
width, and thickness) with a support span distance-to-thickness ratio of 16:1 (64 mm) were tested with
a cross-head speed assuring straining the outer fibers by a rate similar to that of the tensile test (5%/min
and 2%/min for the nanocomposites and WPCs, respectively). Conditioned samples were also tested
to study the effect of moisture on the flexural properties.

Conditioning was performed on three additional specimens of each batch of material. Prior to the
test, samples were dried in the oven (Termaks AS, Bergen, Norway) at 40 ◦C until the difference between
two successive measurements was negligible (<0.2%) then edge-sealed with water repellent commercial
Silyl-modified polyether (Casco from Sika Sverige AB, Spånga, Sweden) to ensure one-dimensional
moisture uptake. Samples were weighed and placed in a plastic container with water at 40 ◦C
(specimens were not immersed but suspended over the water with a measured relative humidity
RH = 99%). Moisture uptake was monitored by frequent measurements of the sample weight on an
AG245 analytical balance (from Mettler Toledo, Columbus, OH, USA) and water content was assessed
by the relative difference in mass before and after the exposure. It is worth noting that during weighing
or testing, the relative humidity in the lab was different than the conditioning environment which
might have caused uncontrolled diffusion of moisture into or from the specimen. However, care was
taken to minimize the exposure of samples to these conditions. The moisture content of the samples at
the time of test are found in Table 3 below together with time required for saturation.

Table 3. Moisture content of conditioned samples in terms of weight percent increase with respect to
original dried, sealed samples. Results are the average measurement of three samples conditioned at
40 ◦C and 99% RH.

Nanocomposite PE0 PE2-M1 PE2-M2 PE6-M1 PE15-M1 PE15-M2

Moisture content (%) 0.178 0.044 0.157 0.147 0.167 0.671
Time to saturation (h) 685

WPCs 25WPC 25WPC10 40WPC 40WPC7.5 40WPC15

Moisture content (%) 2.344 2.146 4.557 4.891 4.380
Time to saturation (h) 1325 1693

2.3.5. Crystallinity and Thermal Properties

DSC 821e differential scanning calorimeter (Mettler Toledo, Columbus, OH, USA) was used
to determine the degree of crystallinity as well as the characteristic temperatures of the polymer.
Samples of weight 5–12 mg, encapsulated in aluminum pans with pierced lids, were subjected to
a thermal profile in nitrogen atmosphere (gas flow of 80 mL/min). Temperature was raised from 25 ◦C
to 200 ◦C (past the theoretical melting point of HDPE) in a rate of 10 ◦C/min and kept under isothermal
conditions (200 ◦C) for 5 min to erase thermal history, then cooled to room temperature (25 ◦C) with
a rate of 20 ◦C/min using liquid nitrogen. A second heating run was performed with a heating rate of
10 ◦C/min from which the thermal properties where determined. Melting onset and peak value along
with crystallization temperatures were determined from the endothermic and exothermic peaks of the
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DSC curve, respectively. Crystallinity was calculated from the heat of fusion obtained by integrating
the endothermic peak between 60 ◦C and 180 ◦C according to the following Equation (1):

%Xc =
∆H f

∆H0
f

×
1

1−W f
× 100, (1)

where ∆H f is the measured melting enthalpy of sample, ∆H0
f is the theoretical melting enthalpy of

100% crystalline PE (293 J/g obtained from [26]), and W f is the weight fraction of the reinforcement.
Hot disc thermal constants analyzer TPS 500 (Hot Disc®, Gothenburg, Sweden) was used to

determine the thermal conductivity and thermal diffusivity of the material. Squared 40 mm × 40 mm
samples with a nominal thickness of 4 mm were tested at room temperature using the room temperature
sample holder. Based on the available probing depth, the sensor 5465 (enclosed in Kapton insulation
films, Hot Disc®, Gothenburg, Sweden) with the radius of 3.2 mm was selected. The sensor was
placed between two pieces of sample material with proper pressure applied to ensure full contact
between the sensor and the surfaces of the sample. Measurement time was 2.5 s with a heating power
of 96 mW assuming isotropic material. The experiment was performed in a series of 5 measurements
per specimen with a waiting time of 15 min between the measurements to allow the sample to reach
equilibrium. Values presented are the average of these five measurements. It is worth noting, though,
that the results shown here are valuable for showing the general trends rather than absolute values
and more accurate results could be achieved if the sample-to-sensor size was better optimized.

3. Results and Discussion

3.1. Morphology

Freeze-fractured surfaces (samples broken after immersion in liquid nitrogen) of the samples
under SEM are shown in Figure 1. The morphology of the sample is changing from a topological
surface, with fibril-forming fracture for neat polymer (Figure 1a), to a more smoothened surface and
brittle-like fracture for the GNP-reinforced materials (Figure 1b). From the Figure 1, it could also be
seen that the particles are well distributed in the polymer as they span the image evenly. The large
folded particle is also seen in the image (enclosed in the white circle) which might act as a defect area for
a premature failure due to the weak bonding with the polymer and the void surrounding it can act as
a water pocket. However, despite the generally good distribution, inhomogeneity observed in Figure 1c
implies that the dispersion state can still be improved. The image shows a particle with thickness
about the size of the scale bar which is much higher than the thickness provided by the supplier,
indicating that this particle is a restack of multiple platelets. This would also mean that there is a greater
potential and room for improvement if better dispersion can be achieved. Moreover, Figure 1d shows
a cluster of platelets agglomerated in one place at 15 wt% GNPs loading. This suggests the greater
challenge to disperse the particles at high loadings of nano-reinforcement.

Due to the large difference in the size scale between the two types of reinforcements (wood and
GNPs) it is difficult to examine the distribution of one without losing information about the other
in the image. However, the presence of the nanoparticles is obvious even at lower magnification by
their effect on the morphology of the fracture surface of the wood samples. The plastic deformation of
the matrix (appearing as white protrusions) in the 40WPC are replaced by a smoother surface in the
40WPC15 sample (Figure 1e,f, respectively).

In general, it can be stated that the bonding between the matrix and the platelets is good despite
the absence of compatibilizer in the nanocomposites, and the GNPs seem to be well embedded in
the polymer. Occasional occurrences of voids, and the presence of the agglomerates, might cause
premature failure of specimens at random locations especially if they were close to the edges.
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nanocomposite compared to the neat polymer, samples did not break during the test even after 
exceeding 8% strains. For the sake of fair comparison, the curves are presented until 6% for all the 
samples. There is a gradual increase in stiffness with the increase in GNPs content (numerical values 
are tabulated in Table 4). It is also noticeable that masterbatch M2 is more effective in reinforcing the 
polymer than M1 that have higher number of graphene layers in the platelet. Improvement by 
addition of 2 wt% GNP of masterbatch M2 in the polymer competes, or even exceeds, that of material 
with 6 wt% GNP of the M1 in some cases. For the same content of GNPs in polymer there is always 
higher improvement of properties for the M2 system over that of M1. This is because M2 platelets 
have fewer graphene layers and, thus, the aspect ratio of the platelets and graphene-polymer contact 
surface area are larger than those for M1. With properties of neat polymer being the reference value, 
a maximum improvement of tensile stiffness and yield stress (140% and 79% respectively) was 

Figure 1. SEM of fracture surfaces of samples showing the morphology change with the addition of
GNP: (a) PE0; (b) PE15-M1; (c) a close-up on a PE6-M1 of a large platelet showing the layered structure;
(d) a cluster of agglomerated particles in PE15-M1; (e) fracture surface of 40WPC; and (f) fracture
surface of 40WPC15. (a–d) freeze-fractured; (e,f) test-fractured (as-received, flexural test).

3.2. Tensile Properties

Representative stress–strain curves of the polymer and composites are plotted in Figure 2.
Regardless of the obvious change of response towards stiffer and stronger materials for the
nanocomposite compared to the neat polymer, samples did not break during the test even after
exceeding 8% strains. For the sake of fair comparison, the curves are presented until 6% for all the
samples. There is a gradual increase in stiffness with the increase in GNPs content (numerical values
are tabulated in Table 4). It is also noticeable that masterbatch M2 is more effective in reinforcing the
polymer than M1 that have higher number of graphene layers in the platelet. Improvement by addition
of 2 wt% GNP of masterbatch M2 in the polymer competes, or even exceeds, that of material with
6 wt% GNP of the M1 in some cases. For the same content of GNPs in polymer there is always higher
improvement of properties for the M2 system over that of M1. This is because M2 platelets have fewer
graphene layers and, thus, the aspect ratio of the platelets and graphene-polymer contact surface area
are larger than those for M1. With properties of neat polymer being the reference value, a maximum
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improvement of tensile stiffness and yield stress (140% and 79% respectively) was achieved for sample
PE15-M2 while the lowest increase (12% and 2%, respectively) was obtained for PE2-M1.
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Table 4. Tensile properties of the nanocomposites and WPCs.

Sample ID E [std] ∗ σmax [std] σYield [std] εYield [std]

(GPa) (MPa) (MPa) (%)

PE0 1.89 [0.06] 22.47 [0.57] 8.4 [0.34] 0.65 [0.03]
PE2-M1 2.11 [0.11] 22.71 [0.35] 8.54 [0.15] 0.60 [0.02]
PE2-M2 2.42 [0.13] 25.61 [0.28] 9.94 [0.12] 0.61 [0.02]
PE6-M1 2.49 [0.05] 23.46 [0.32] 9.90 [0.96] 0.58 [0.01]
PE15-M1 3.85 [0.19] 26.40 [0.53] 12.84 [0.45] 0.54 [0.01]
PE15-M2 4.54 [0.35] 29.33 [1.15] 15.05 [0.93] 0.53 [0.01]
25WPC 2.88 [0.33] 26.56 [0.75] 13.60 [0.68] 0.67 [0.07]

25WPC10 4.48 [0.25] 27.66 [0.46] 16.67 [0.46] 0.57 [0.02]
40WPC 4.01 [0.23] 32.34 [1.17] 18.12 [1.50] 0.65 [0.03]

40WPC7.5 4.77 [0.27] 29.98 [1.16] 18.88 [0.85] 0.60 [0.01]
40WPC15 6.03 [0.17] 28.33 [0.94] 20.69 [0.80] 0.54 [0.01]

* For the polymer and nanocomposites, maximum stress represents the maximum values achieved during the test
not the ultimate strength of the material; whereas for the WPC it is the stress at failure.

In an earlier study [27], the increase of stiffness of HDPE reinforced with approximately
similar amounts of GNPs as used in this study was inferior to the values reported here.
Considering the lower properties of the starting materials in [27], and the use of large amounts of
compatibilizer one could expect more significant improvement upon the addition of the reinforcement.
Furthermore, avoiding working with the nanoparticles in their hazardous dry form favors the use of
the masterbatch despite the similarity of the used processing method.

Similarly, WPC witnessed improved tensile properties with the addition of the GNPs. These are
presented in the stress–strain curves (Figure 2b) as well as in Table 4. In this case, though, the composite
became more brittle and the elongation at break was reduced (between 1% and 4% for 40WPC15).
Regarding the WPC, it is possible to separate the effect of WF from that of the GNPs. The improvement
for the 40WPC15 material for the stiffness and yield stress is 219% and 146%, respectively, if compared
to PE0, while improvements of the same properties were 50% and 14% with respect to 40WPC.

Earlier research [7,13] reported a decrease in the properties of the WPC after a certain additive
content (typically below 5 wt%) and attributed that to the possible agglomeration of these particles
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that act negatively on the mechanical performance of the composite. However, it does not seem to be
the case here and the improvement is confirmed until up to 15 wt% content of nano-reinforcement.

These results are in accordance with the microstructure studied via SEM where good distribution
of the particles was evident and their compatibility with the polymer was satisfactory despite the
presence of some defects. The small scatter of the values confirms that not only is there an even
distribution of the particles but also an even distribution of the present defects. It also indicates that
a larger improvement in the mechanical properties could be achieved should the dispersion state be
further enhanced.

3.3. Impact Strength

The impact strength of the nanocomposites and the WPCs are shown in Figure 3. The addition of
the GNPs has a positive effect on the impact strength of the polymer. A maximum improvement of
around 54% was noticed upon the addition of 2 wt% of GNP of the thinner particles (M2) which exceeds
that of 6 wt% of M1 (for which improvement was > 35%). For the same GNP content, improvement
in the impact strength of the M2 masterbatch was more than twice that of M1, which indicates
a larger surface area for contact that requires higher energy to separate. The rigid particles may
induce new forms of energy dissipation that leads to delayed fracture. These can be in the form of
pull-outs, crack pinning [28], or bridging the polymer chains and redirecting the crack to new paths
before the final fracture. Layer sliding is another form of toughening associated with the layered
reinforcement [29], due to the consumed energy in overcoming the forces binding the layers in the
platelet. Such an increase in the impact strength suggests the relatively good dispersion of the GNP
additives (see Figure 1 for SEM micrographs) which has been reported to affect this property [11] in
contrast to the usual decrease accompanying a particulate composite resulted by the loss of polymer
toughness [30]. However, at higher loadings, where agglomerations are expected, the pull-out of
large agglomerates is easier and requires less energy and, thus, the resistance to crack propagation is
reduced [31]. It is also possible that these agglomerates act as new sites for crack initiation distributed
over the volume of the specimen that enhance energy dissipation and mitigate the localized crack
propagation and, thus, competing mechanisms of toughening occur. The addition of wood flour results
in marginal or negative effects on the impact strength of the polymer, which is only compensated at
high GNP loadings. Figure 4 shows fracture surfaces of two WPC samples with and without GNP
reinforcement. Despite the clear difference in the surface features upon the addition of the GNPs,
where the surface looks more disturbed at the presence of the GNPs (indicating higher energy needed
to create it), these two samples showed contradicting values of impact strength. This explains the
competing mechanisms mentioned above.
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Figure 4. SEM images of the impact fracture surface of: (a) 40 WPC; and (b) 40WPC7.5.

3.4. Effect of Moisture on Flexural Properties

It is well known that elevated moisture content in the polymer might influence its mechanical
performance. Water acts as a plasticizing agent that decreases the mechanical properties [32] (e.g.,
stiffness and yield stress). This effect was investigated by measuring the flexural properties of materials
before and after exposure to moisture. Figure 5 shows representative flexural stress–strain curves of
the nanocomposite and the WPC, before and after moisture uptake. In general, trends similar to those
from the tensile tests are observed here. The materials become stiffer with the increased content of
GNPs and the masterbatch of fewer layers of graphene in the platelets (M2) outperforms the other.
For the WPCs, the increase in the content of any of the reinforcements leads to an improvement in
the composite performance. The effect of moisture on the properties of the nanocomposites is not
so significant. Except for sample PE2-M2, where the curve is lower, indicating degraded properties,
the general trend seems to be the same and effect of moisture on the materials can be regarded as
marginal. Despite the relatively large difference between the moisture content of the nanocomposites
(ranging from below 0.05% for PE2-M1 to more than 0.6% for PE15-M2), the results do not seem
to be affected. This is expected since none of the nanocomposite constituents tend to absorb water
and the effect is limited to the possible penetration of water molecules into the voids at high GNP
content. On the other hand, the moisture effect on WPCs is more pronounced. The moisture-saturated
wood in the composite decreases the flexural properties and the presence of the nanoplatelets seems
to restrict this effect. Since only three conditioned samples were tested, scatter was larger in these
samples and the stress–strain curves in Figure 5 might not be fully representative and do not show the
scatter, it is therefore more appropriate to examine Figure 6 for average values and standard deviation.
The flexural test fracture surfaces presented in Figure 7 show differences in the failure mechanism.
Before conditioning, the surface indicates more brittle fracture and failure appears in form of matrix
cracking, while conditioned samples showed failure in terms of fiber sliding (enclosed in ovals) and
fiber pull-out as indicated by the deep holes (marked by arrows) in Figure 7. This is possibly because
the fibers swell after the moisture uptake, creating stress concentrations on the interface leading to
debonding between WF and the matrix during loading. Indications of some polymer plasticizing could
also be noticed on the sliding surfaces of conditioned samples. Figure 6 demonstrates graphically
the two important properties of the flexural test (stiffness and maximum stress) showing the effect of
moisture uptake, while numerical values of flexural properties are presented Tables 5 and 6 for the
nanocomposites and the WPCs, respectively.
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strains below 4% (3.47%) registering an average maximum stress of 41.7 MPa.
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Figure 7. Flexural fracture surface before and after moisture uptake. (a) as-received 40WPC15;
(b) conditioned 40WPC (at T = 40 ◦C and RH = 99%). See significance of the marks in the text.

Table 5. Flexural properties of the nanocomposites with the moisture effect. The values 4% of strain
and 25 MPa stress are selected as a common value to facilitate comparison between all samples.

Sample ID E [std] (GPa) σ4%ε [std] (MPa) ε25 MPa [std] (%)

* AR * C AR C AR C

PE0 1.18 [0.03] 1.16 [0.12] 26.18 [0.81] 27.26 [1.03] 3.61 [0.25] 3.37 [0.24]
PE2-M1 1.41 [0.03] 1.43 [0.19] 28.10 [0.61] 29.67 [1.01] 3.06 [0.14] 2.81 [0.24]
PE2-M2 1.88 [0.16] 1.39 [0.09] 39.10 [1.63] 29.48 [1.66] 1.78 [0.14] 2.88 [0.33]
PE6-M1 1.57 [0.04] 1.53 [0.19] 31.36 [0.48] 32.42 [1.98] 2.48 [0.07] 2.44 [0.29]

PE15-M1 2.44 [0.09] 2.33 [0.18] 39.04 [0.39] 38.55 [1.84] 1.51 [0.01] 1.65 [0.17]
PE15-M2 2.84 [0.26] 3.00 [0.06] 43.66 [3.62] 44.12 [0.90] 1.51 [0.01] 1.2 [0.05]

* AR = as-received, C = conditioned (at T = 40 ◦C and RH = 99%).
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Table 6. Flexural properties of WPC with moisture effect. The values 4% of strain and 25 MPa stress in
subscript are selected as a common value to facilitate comparison between all samples.

Sample ID E [std] (GPa) σ4%ε [std] (MPa) ε25 MPa [std] (%)

* AR * C AR C AR C

25WPC 1.73 [0.15] 1.74 [0.1] 38.00 [3.37] 36.37 [1.12] 1.79 [0.33] 2.14 [0.09]
25WPC10 2.78 [0.14] 3.01 [0.22] 44.83 [0.62] 47.47 [3.51] 1.14 [0.04] 1.08 [0.05]

40WPC 2.55 [0.25] 1.64 [0.07] 50.02 [2.48] 34.61 [0.33] 1.11 [0.11] 2.34 [0.05]
40WPC7.5 3.49 [0.32] 2.63 [0.08] 48.83 [3.15] 40.54 [0.39] 0.87 [0.09] 1.37 [0.03]
40WPC15 4.05 [0.32] 3.04 [0.06] 47.75 [1.48] 41.72 [0.23] 0.73 [0.02] 1.12 [0.04]

* AR = As-received, C =conditioned.

3.5. Differential Scanning Calorimetry

The degree of crystallinity is shown in Figure 8 for the nanocomposites and WPC at different
GNPs and wood content. From Figure 8a, no significant difference in the case of nanocomposites is
found. Some difference in crystallinity with the addition of wood reinforcement is observed (Figure 8b).
This indicates that crystallinity is higher with higher wood content and it is reduced with the addition
of nano-reinforcement (for the same content of wood). This is also visible in the shape of the melting
peaks presented in Figure 8c,d, where the peaks of the WPC are smaller but also rather wider than
those of the nanocomposites (full thermograms can be found in Figures S3 and S4). The reason
can be attributed to the significant increase in the viscosity of the polymer at such high content of
reinforcements, which can restrict the movement of the polymer chains obstructing them from diffusion
to the crystal nuclei [33]. However, the experimental scatter is rather high, and more specimens have
to be tested to exclude possible influence of material inhomogeneity. Therefore, no solid conclusions
concerning the influence of reinforcement on crystallinity of matrix are made at this point.

While the degree of crystallinity is not significantly changed, Table 7 shows that the addition
of the GNP reinforcement is resulting in a shift of more than 4 ◦C in the crystallization temperature
of the nanocomposites compared to neat polymer. Crystallization starts earlier in the sample
(higher temperature in the cooling stage) indicating the nucleation effect of the reinforcement [34,35].
Studies have shown both positive and negative impacts on crystallization when adding nanoparticles
into the polymers [36,37]. It is possible that there is a competing mechanism that results either in
a change of the crystallization rate or in the heterogeneity of the crystallization. Based on the size and
distribution of the nanoparticles, they can act as nucleating agents around which spherulites start to
form and grow. On the other hand, if these particles are large, they can restrict the growth of the crystals
and hinder the heterogeneous crystallization [38]. Figure 8 and Table 7 show these possibly competing
mechanisms where expected agglomerates at 15 wt% GNP in wood composites might hinder the
formation of polymer crystals. The presence of both reinforcements has a more pronounced effect on
the crystallization, since the higher amount of reinforcement provides no space for the crystals to grow
and, hence, the crystallinity is further decreased (at 25WPC10 and 40WPC15). Moreover, the DSC
measurements are sensitive to sample homogeneity and it is difficult to secure a representative sample
for the bulk of the material at 5–12 mg weight. This has been investigated for several samples of
PE6-M1 in TGA (not presented here), where the residual mass after five random measurements was
always less than 6% the initial mass which leads to higher crystallinity if Equation (1) is used based on
the assumption of a homogeneous sample since the amount of polymer is being overestimated.
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of crystallinity of the WPCs; (c) The endothermic peaks from the second heating segment for the
nanocomposites (heating rate of 10 ◦C/min); (d) The endothermic peaks of the second heating segment
for the WPCs (heating rate of 10 ◦C/min).

Table 7. DSC results of the different composites.

Sample Code * To [std] * Tm [std] * Tc [std] * Xc [std]

(◦C) (◦C) (◦C) (%)

PE0 124.8 [0.45] 134.7 [1.46] 113.5 [1.00] 73.4 [1.83]
PE2 124.7 [0.27] 134.7 [0.81] 115.3 [0.54] 76.9 [0.80]
PE6 125.2 [0.39] 134.0 [0.56] 116.8 [0.47] 77.7 [0.55]

PE15 125.2 [0.45] 133.0 [0.45] 117.8 [0.73] 77.2 [1.13]
25WPC 125.6 [0.03] 133.0 [0.31] 112.0 [2.69] 72.3 [2.24]

25WPC10 126.0 [0.44] 133.3 [0.34] 115.7 [0.80] 66.4 [7.09]
40WPC 125.4 [0.05] 135.4 [1.63] 111.8 [1.30] 73.8 [0.84]

40WPC7.5 127.1 [0.04] 135.7 [0.71] 114.2 [0.73] 72.4 [0.72]
40WPC15 125.8 [0.06] 133.5 [0.48] 114.9 [0.64] 68.2 [0.87]

* To, Tm, Tc: onset, melting, and crystallization temperatures, respectively; Xc: degree of crystallinity; [std]:
standard deviation.
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3.6. Thermal Transport Properties

Figure 9 shows the thermal conductivity and thermal diffusivity of the samples measured by
the thermal transient method. The degree of crystallinity of the polymer can be directly related
to its thermal conductivity as the thermal wave can travel in the ordered structure better than the
amorphous structure where the vibrational modes are localized [39]. The immediate increase in the
thermal conductivity after the addition of the GNPs (>40%) is attributed to the inherent high thermal
conductivity of these GNPs. Similarly, the insulative nature of the wood flour is apparent in the
reduced conductivity of the wood composites with respect to the neat polymer and this reduction is
larger with the increased wood content (decrease by 15% at 40 wt% wood content compared to PE0).
A maximum improvement in the thermal properties of the nanocomposites is achieved at the highest
GNP content for the sample PE15-M2 where the thermal conductivity and diffusivity are increased
by 80% and 210%, respectively. With respect to 40WPC, the addition of 15 wt% GNP resulted in an
increase of thermal conductivity and diffusivity of 168% and 243%, respectively.

There are several factors affecting the phonon transport through the nano-reinforced polymers
which complicate the mechanisms of thermal conduction and their understanding. Some of these
factors are the phonon scatter at the weak interfaces and the size of the conductive particles that affect
the size of the contact area, chemical composition and the alignment of the polymer chains etc. [39].
Evgin et al. [34] reported the effect of aspect ratio and lateral size of the platelets on the properties
of HDPE/GNPs nanocomposites. They showed that lateral size rather than aspect ratio has a larger
impact on the thermal conductivity facilitated by the reduced sites for phonon scattering, and for the
same lateral size, the smaller thickness results in higher conductivity due to more efficient bonding
with the matrix. However, compared to the result in this study, better improvement was found for
the larger aspect ratio (aspect ratio of the M2 masterbatch is ~7500 and for M1 ~2500). Many of the
mentioned factors may play roles in altering the thermal conductivity of the materials in this study.
For example, the gradient of crystallinity through the sample thickness as a result of the immediate
exposure of the demolded surface (quenching) after compression molding compared to the gradual
cooling deeper in the sample.
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polymer composite.

The synergistic effect of the two types of reinforcement is observed by the improved thermal
behavior of the hybrid composite at the same amount of conductive reinforcement (40WPC15 and
PE15-M1, which are made of the same GNP type). The presence of wood leads to changes in
microstructure resulting in an increase of both the thermal conductivity and thermal diffusivity.
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Moreover, similar thermal conductivity was measured for the samples PE15-M1 and 25WPC10 despite
the lower content of GNP in the latter compared to the former. This can be directly explained by the
formation of conductive paths aided by the presence of wood as a scaffold for formation of conductive
particle network. Once again, the samples made with the masterbatch M2 outperform that of M1,
which has more phonon scattering sites dictated by the higher number of layers.

4. Conclusions

Modification of HDPE was achieved using HDPE-based masterbatches with high contents of
graphene. Two types of GNP were used and the masterbatch with thinner platelets (fewer layer
graphene sheets) showed better reinforcing performance compared to the thicker platelets. The addition
of 15 wt% GNP rendered improvement in the mechanical properties to a maximum of 140% and
79% for the tensile stiffness and yield stress, respectively. A marginal effect of nanoparticles on
impact strength of the wood composites was found, while improvement above 50% was seen for the
nanocomposites. Composites with hybrid reinforcements (GNP and WF) showed a 243% improvement
of bending stiffness.

The addition of GNPs also manifested itself by limiting the decrease of the stiffness due to
the moisture. Furthermore, the mechanism of fracture of conditioned material was also altered.
Some modifications observed by adding small wt% of GNPs could be achieved after certain WF
loading, which indicates the possible balance between the amounts of the two reinforcements to
achieve synergy with large compensation on the weight. Moreover, the modified composites showed
improved thermal conductivity without compromising the mechanical properties after processing.

In general, homogeneous distribution of the nanoparticles and defects in the materials lead
to consistent results from the different tests with moderate scatter. The overall improvement in
the mechanical properties of the manufactured material without or with insignificant amounts of
compatibilizer suggest a promising future to be utilized in more advanced applications. This can
contribute to advances in relevant applications, such as thermal management of building, heated floors,
or in the automotive industry utilizing more sustainable materials.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/13/9/2089/s1,
Figure S1: Aspect ratio distribution of the wood flour particles used in the study obtained by analyzing images
from X-Ray computer tomography, Figure S2. Schematic of the extruder showing the different zones, Figure S3.
Thermograms of the pure polymer and the nanocomposites obtained from DSC test. Samples are named after
the content of the graphene nanoplatelets (GNP) in them where PE refers to the polymer (HDPE), the numbers
(2, 6, and 15) refers to the wt.% of the GNPs and M1 refers to the type of masterbatch (see the specifications
of the masterbatch in the article), Figure S4. Thermograms of the wood polymer composites obtained by DSC.
Sample nomenclator is following the style XWPCY where X = 25 or 40 refers to the content of wood and Y = 7.5,
10, 15 indicates the amount of graphene nanoplatelets (all in wt.%).

Author Contributions: Conceptualization: G.G. and B.N.; formal analysis: Z.A.-M.; funding acquisition: G.G.,
B.N., and R.J.; investigation: Z.A.-M.; methodology: R.J.; supervision: N.E. and R.J.; visualization: Z.A.-M.;
writing–original draft: Z.A.-M.; writing–review and editing: G.G., B.N., N.E., and R.J. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was performed under the financial support of the Interreg Nord programme 2016–2020
and Region Norrbotten within the European Union project Smart-WPC. Partial financial support was also provided
by project Smart Machine and Materials (SMM) within the excellence and innovation area at Luleå University of
Technology. The project Nano2Day (grant agreement no. 777810) provided financial support to carry out some of
the measurements at the project partner facilities.

Acknowledgments: Authors would like to thank Runar Långström and Robert Westerlund at Rise Sicomp for
extrusion and compression molding of the composites, and Vanessa Meulenberg and Lena Brunnaker (project
students within T7009T course at LTU) for help with experiments. Partners of the Nano2Day project at the Institute
of Mechanics of Materials (University of Latvia, Riga, Latvia) are acknowledged for providing access to the hot
disc thermal analyzer.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to
publish the results.

108

http://www.mdpi.com/1996-1944/13/9/2089/s1


Materials 2020, 13, 2089 17 of 18

References

1. Zhang, X.; Zhang, J.; Wang, R. Thermal and mechanical behavior of wood plastic composites by addition of
graphene nanoplatelets. Polymers (Basel) 2019, 11, 1365. [CrossRef] [PubMed]

2. Ern, A.O.W.; Ming, T.C.; Jayaraman, K. density reduction and electrical conductivity induction in wood
plastic composites. Adv. Mater. Res. 2013, 747, 383–386. [CrossRef]

3. Karteri, I.; Altun, M.; Gunes, M. Electromagnetic interference shielding performance and electromagnetic
properties of wood-plastic nanocomposite with graphene nanoplatelets. J. Mater. Sci. Mater. Electron.
2017, 28, 6704–6711. [CrossRef]

4. Grand View Research. Graphene Market Size, Share & Trends Analysis Report by Application (Electronics,
Composites, Energy), by Product (Graphene Nanoplatelets, Graphene Oxide), by Region, and Segment Forecasts.
2019–2025; Grand View Research, Inc.: San Francisco, CA, USA, 2019.

5. Grand View Research. Cellulose Fiber Market Analysis by Product Type (Natural, Synthetic), by Application
(Textile, Hygiene, Industrial), by Regions (North America, Asia Pacific, Europe, Central & South America, Middle
East & Africa), and Segment Forecasts. 2018–2025; Grand View Research, Inc.: San Francisco, CA, USA, 2016.

6. Saba, N.; Tahir, P.M.; Jawaid, M. A Review on potentiality of nano filler/natural fiber filled polymer hybrid
composites. Polymers (Basel) 2014, 6, 2247–2273. [CrossRef]

7. Sheshmani, S.; Ashori, A.; Arab Fashapoyeh, M. Wood plastic composite using graphene nanoplatelets. Int. J.
Biol. Macromol. 2013, 58, 1–6. [CrossRef]

8. Keramati, M.; Ghasemi, I.; Karrabi, M.; Azizi, H.; Sabzi, M. Incorporation of surface modified graphene
nanoplatelets for development of shape memory PLA nanocomposite. Fibers Polym. 2016, 17, 1062–1068.
[CrossRef]

9. Zhao, X.; Zhang, Q.; Chen, D.; Lu, P. Enhanced mechanical properties of graphene-based polyvinyl alcohol
composites. Macromolecules 2010, 43, 2357–2363. [CrossRef]

10. Zhang, H.B.; Zheng, W.G.; Yan, Q.; Yang, Y.; Wang, J.W.; Lu, Z.H.; Ji, G.Y.; Yu, Z.Z. Electrically conductive
polyethylene terephthalate/graphene nanocomposites prepared by melt compounding. Polymer (Guildf.)
2010, 51, 1191–1196. [CrossRef]

11. Wakabayashi, K.; Pierre, C.; Diking, D.A.; Ruoff, R.S.; Ramanathan, T.; Catherine Brinson, L.; Torkelson, J.M.
Polymer-graphite nanocomposites: Effective dispersion and major property enhancement via solid-state
shear pulverization. Macromolecules 2008, 41, 1905–1908. [CrossRef]

12. Dasari, A.; Yu, Z.Z.; Mai, Y.W. Electrically conductive and super-tough polyamide-based nanocomposites.
Polymer (Guildf.) 2009, 50, 4112–4121. [CrossRef]

13. Bourque, A.J.; Locker, C.R.; Tsou, A.H.; Vadlamudi, M. Nucleation and Mechanical Enhancements in
Polyethylene-Graphene Nanoplate Composites. Polymers 2016, 99, 263–272. [CrossRef]

14. Tarani, E.; Terzopoulou, Z.; Bikiaris, D.N.; Kyratsi, T.; Chrissafis, K.; Vourlias, G. Thermal conductivity and
degradation behavior of hdpe/graphene nanocomposites: Pyrolysis, kinetics and mechanism. J. Therm.
Anal. Calorim. 2017, 129, 1715–1726. [CrossRef]

15. Zhang, X.; Hao, X.; Hao, J.; Wang, Q. Heat transfer and mechanical properties of wood-plastic composites
filled with flake graphite. Thermochim. Acta 2018, 664, 26–31. [CrossRef]

16. Miao, M.; Wei, C.; Wang, Y.; Qian, Y. Effect of compatibilizer on the interface bonding of graphene
oxide/polypropylene composite fibers. Polymers (Basel) 2018, 10, 1283. [CrossRef] [PubMed]

17. Gong, G.; Nyström, B.; Joffe, R. Development of polyethylene/nanoclay masterbatch for use in wood-plastic
composites. Plast Rubber Compos. 2013, 42, 167–175. [CrossRef]

18. Gong, G. Literature Study of Graphene Modified Polymeric Composites. Piteå. 2018.
Available online: https://siografen.se/app/uploads/2018/02/Literature-study-of-Graphene-modified-
polymeric-composites.pdf (accessed on 17 August 2018).

19. Kim, H.; Miura, Y.; MacOsko, C.W. Graphene/polyurethane nanocomposites for improved gas barrier and
electrical conductivity. Chem. Mater. 2010, 22, 3441–3450. [CrossRef]

20. Verdejo, R.; Bernal, M.M.; Romasanta, L.J.; Lopez-Manchado, M.A. Graphene filled polymer nanocomposites.
J. Mater. Chem. 2011, 21, 3301–3310. [CrossRef]

21. Boscia, B.D.; Arthur, D.J.; Wagner, A. Nanocomposite Master Batch Composition and Method of Manufacture.
U.S. Patent 8124678B2, 28 February 2012.

109

http://dx.doi.org/10.3390/polym11081365
http://www.ncbi.nlm.nih.gov/pubmed/31430877
http://dx.doi.org/10.4028/www.scientific.net/AMR.747.383
http://dx.doi.org/10.1007/s10854-017-6364-1
http://dx.doi.org/10.3390/polym6082247
http://dx.doi.org/10.1016/j.ijbiomac.2013.03.047
http://dx.doi.org/10.1007/s12221-016-6329-7
http://dx.doi.org/10.1021/ma902862u
http://dx.doi.org/10.1016/j.polymer.2010.01.027
http://dx.doi.org/10.1021/ma071687b
http://dx.doi.org/10.1016/j.polymer.2009.06.026
http://dx.doi.org/10.1016/j.polymer.2016.07.025
http://dx.doi.org/10.1007/s10973-017-6342-0
http://dx.doi.org/10.1016/j.tca.2018.04.003
http://dx.doi.org/10.3390/polym10111283
http://www.ncbi.nlm.nih.gov/pubmed/30961208
http://dx.doi.org/10.1179/1743289811Y.0000000057
https://siografen.se/app/uploads/2018/02/Literature-study-of-Graphene-modified-polymeric-composites.pdf
https://siografen.se/app/uploads/2018/02/Literature-study-of-Graphene-modified-polymeric-composites.pdf
http://dx.doi.org/10.1021/cm100477v
http://dx.doi.org/10.1039/C0JM02708A


Materials 2020, 13, 2089 18 of 18

22. Ding, J.H.; Zhao, H.R.; Yu, H.B. A water-based green approach to large-scale production of aqueous
compatible graphene nanoplatelets. Sci. Rep. 2018, 8, 5567. [CrossRef]

23. Standard Test Method for Tensile Properties of Plastics; D638; ASTM International: West Conshohocken, PA,
USA, 2014.

24. Standard Test Method for Determining the Charpy Impact Resistance of Notched Specimens of Plastics; D6110; ASTM
International: West Conshohocken, PA, USA, 2010.

25. Standard Test Methods for Flexural Properties of Unreinforced and Reinforced Plastics and Electrical Insulating
Materials; D790; ASTM International: West Conshohocken, PA, USA, 2017.

26. Blaine, R.L. Thermal Applications Note-Polymer Heats of Fusion. Therm. Appl. Note. 2002. Available online:
http://www.tainstruments.com/pdf/literature/TN048.pdf (accessed on 20 March 2019).

27. Lin, S.; Anwer, M.A.S.; Zhou, Y.; Sinha, A.; Carson, L.; Naguib, H.E. Evaluation of the thermal, mechanical
and dynamic mechanical characteristics of modified graphite nanoplatelets and graphene oxide high-density
polyethylene composites. Compos. Part B Eng. 2018, 32, 61–68. [CrossRef]

28. Domun, N.; Paton, K.R.; Hadavinia, H.; Sainsbury, T.; Zhang, T.; Mohamud, H. Enhancement of fracture
toughness of epoxy nanocomposites by combining nanotubes and nanosheets as fillers. Materials (Basel)
2017, 10, 1179. [CrossRef]

29. Chandrasekaran, S.; Sato, N.; Tölle, F.; Mülhaupt, R.; Fiedler, B.; Schulte, K. Fracture toughness and failure
mechanism of graphene based epoxy composites. Compos. Sci. Technol. 2014, 97, 90–99. [CrossRef]

30. Mittal, V.; Chaudhry, A.U. Polymer-graphene nanocomposites: Effect of polymer matrix and filler amount
on properties. macromol. Mater. Eng. 2015, 300, 510–521. [CrossRef]

31. Isik, I.; Yilmazer, U.; Bayram, G. Impact modified epoxy/montmorillonite nanocomposites: Synthesis and
characterization. Polymer (Guildf.) 2003, 44, 6371–6377. [CrossRef]

32. St. Lawrence, S.; Willett, J.L.; Carriere, C.J. Effect of moisture on the tensile properties of poly(hydroxy ester
ether). Polymer (Guildf.) 2001, 42, 5643–5650. [CrossRef]

33. Guo, Y.; Zhu, S.; Chen, Y.; Li, D. Thermal properties of wood-plastic composites with different compositions.
Materials (Basel) 2019, 12, 881. [CrossRef] [PubMed]

34. Evgin, T.; Turgut, A.; Hamaoui, G.; Spitalsky, Z.; Horny, N.; Micusik, M.; Chirtoc, M.; Sarikanat, M.;
Omastova, M. Size effects of graphene nanoplatelets on the properties of high-density polyethylene
nanocomposites: Morphological, thermal, electrical, and mechanical characterization. Beilstein.
J. Nanotechnol. 2020, 11, 167–179. [CrossRef]

35. Jiang, X.; Drzal, L.T. Multifunctional high-density polyethylene nanocomposites produced by incorporation
of exfoliated graphene nanoplatelets 2: Crystallization, thermal and electrical properties. Polym. Compos.
2012, 33, 636–642. [CrossRef]

36. Lee, S.; Hong, J.Y.; Jang, J. The effect of graphene nanofiller on the crystallization behavior and mechanical
properties of poly (vinyl alcohol). Polym. Int. 2013, 62, 901–908. [CrossRef]

37. Xu, P.; Luo, X.; Zhou, Y.; Yang, Y.; Ding, Y. Enhanced cold crystallization and dielectric polarization of PLA
composites induced by P[MPEGMA-IL] and graphene. Thermochim. Acta 2017, 657, 156–162. [CrossRef]

38. Müller, K.; Bugnicourt, E.; Latorre, M.; Jorda, M.; Echegoyen Sanz, Y.; Lagaron, J.; Miesbauer, O.; Bianchin, A.;
Hankin, S.; Bölz, U. Review on the processing and properties of polymer nanocomposites and nanocoatings
and their applications in the packaging, automotive and solar energy fields. Nanomaterials (Basel) 2017, 7, 74.
[CrossRef]

39. Huang, C.; Qian, X.; Yang, R. Thermal conductivity of polymers and polymer nanocomposites. Mater. Sci.
2018, 132, 1–22. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

110

http://dx.doi.org/10.1038/s41598-018-23859-5
http://www.tainstruments.com/pdf/literature/TN048.pdf
http://dx.doi.org/10.1016/j.compositesb.2017.08.010
http://dx.doi.org/10.3390/ma10101179
http://dx.doi.org/10.1016/j.compscitech.2014.03.014
http://dx.doi.org/10.1002/mame.201400392
http://dx.doi.org/10.1016/S0032-3861(03)00634-7
http://dx.doi.org/10.1016/S0032-3861(00)00836-3
http://dx.doi.org/10.3390/ma12060881
http://www.ncbi.nlm.nih.gov/pubmed/30884761
http://dx.doi.org/10.3762/bjnano.11.14
http://dx.doi.org/10.1002/pc.22187
http://dx.doi.org/10.1002/pi.4370
http://dx.doi.org/10.1016/j.tca.2017.10.005
http://dx.doi.org/10.3390/nano7040074
http://dx.doi.org/10.1016/j.mser.2018.06.002
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.


Materials 2020, 13, x; doi: FOR PEER REVIEW www.mdpi.com/journal/materials 

Supporting Information 

Characterization of Wood and Graphene 

Nanoplatelets (GNPs) Reinforced Polymer 

Composites 

Zainab Al-Maqdasi 1,*, Guan Gong 2, Birgitha Nyström 3, Nazanin Emami 1 and Roberts Joffe 1,* 

1 Department of Engineering Materials and Mathematics, Luleå University of Technology, SE-971 87 Luleå, 

Sweden; nazanin.emami@ltu.se 
2 Rise Sicomp AB, Fibervägen 2, SE-941 26 Öjebyn, Sweden; guan.gong@ri.se 
3 Podcomp AB, Skylvägen 1, SE-943 33 Öjebyn, Sweden; birgitha.nystrom@podcomp.se 

* Correspondence: zainab.al-maqdasi@ltu.se (Z.A.-M.); Roberts.Joffe@ltu.se (R.J.);

Tel.: +46-0-920-491055 (Z.A.-M.)

Received: 9 April 2020; Accepted: 29 April 2020; Published: date 

Figure S1. Aspect ratio distribution of the wood flour particles used in the study obtained by 

analyzing images from X-Ray computer tomography. 

0

5

10

15

20

25

30

0.
0-

0.
5

0.
6-

1.
0

1.
1-

1.
5

1.
6-

2.
0

2.
1-

2.
5

2.
6-

3.
0

3.
1-

3.
5

3.
6-

4.
0

4.
1-

4.
5

4.
6-

5.
0

5.
1-

5.
5

5.
6-

6.
0

6.
1-

6.
5

6.
6-

7.
0

7.
1-

7.
5

7.
6-

8.
0

8.
1-

8.
5

8.
6-

9.
0

9.
1-

9.
5

9.
6-

10
.0

10
.1

-1
0.

5

10
.6

-1
1.

0

11
.1

-1
1.

5

11
.6

-1
2.

0

12
.1

-1
2.

5

12
.6

-1
3.

0

o
cc

u
ra

n
ce

 

Aspect ratio

Aspect Ratio Distribution

Supporting Information

111



Materials 2020, 13, x FOR PEER REVIEW 2 of 3 

Figure S2. Schematic of the extruder showing the different zones [1]. 

Figure S3. Thermograms of the pure polymer and the nanocomposites obtained from DSC

test. Samples are named after the content of the graphene nanoplatelets (GNP) in them where PE 

refers to the polymer (HDPE), the numbers (2, 6, and 15) refers to the wt.% of the GNPs and M1 

refers to the type of masterbatch (see the specifications of the masterbatch in the article). 
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Figure S4. Thermograms of the wood polymer composites obtained by DSC. Sample nomenclator is

following the style XWPCY where X = 25 or 40 refers to the content of wood and Y = 7.5, 10, 15 indicates 

the amount of graphene nanoplatelets (all in wt.%). 
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Abstract: Wear rate and coefficient of friction for neat high-density polyethylene (HDPE) and 

reinforced with wood flour (WF) and/or graphene nanoplatelets (GNPs) are studied. The pin-on-

disc tribotest configuration on samples with different moisture contents are performed. The 

effect of the different scales of reinforcement (micro- and nano-) on these properties is discussed. 

The morphological/microstructural changes at the materials´ surface induced by the motion in 

contact and/or moisture content in the bulk are investigated by differential scanning calorimetry 

and scanning electron microscopy. Results show that reinforcing the polymer with WF or GNPs 

reduces the wear rate significantly, compared to neat HDPE. The hybrid multi-scale 

reinforcement contributes to maximum improvement in wear resistance (>98%) and in the 

reduction of coefficient of friction (>11%). The improvement in the tribological behavior of bio-

based polymer composites has a significant impact on sustainable development through the 

improved design, durability, and environmental impact.   

Keywords: Tribology; Wood Polymer Composite; graphene; multi-functional composites; 

multiscale reinforcement  

1. Introduction 

One of the ways to reduce carbon footprint is to use more eco-friendly materials and industrial 

processes. Wood polymer composite (WPC) is used in applications as alternative to natural 

wood that can still preserve the wooden appearance but with cheaper prices, less required 

maintenance and better chances to utilize recycled materials [1]. Moreover, WPC offers a good 

lightweight, low cost, chemical resistant alternative to metals that is also easily processed and 

recycled. On the other hand, due to the hydrophilic nature of wood fibers, WPC have its 

limitations in durability against moisture that needs to be addressed.  

For load-bearing applications where materials are in contact, coefficient of friction (COF) and 

wear rate (WR) are used to assess the material’s serviceability and service life. Those parameters 

are not intrinsic for the specific material but are very much affected by the surrounding 

environment, the mating material and surface properties and the tribological system conditions. 

However, it is very important for the design and selection of any material to understand the 

influence of different factors on its behavior. Research has been carried out to study the physico-

mechanical properties of WPC in quasi-static conditions [2], but little research has been devoted 

to study their tribological properties [3]. It has been shown that solid self-lubricants such as 

graphitic derivatives can improve the tribological performance of polymers by improving the 

transfer film formation on the surface [4]. The improvement in the tribological behavior of 
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systems is tightly connected to energy conservation and conversion. Moreover, the use of bio-

based materials has a significant impact on sustainable development through the improved 

design, durability, and environmental impact [3].  

A previous study by the authors [5] showed that mechanical performance of HDPE reinforced 

with WF and/or GNPs was improved significantly, and a new thermal conducting functionality 

was introduced. Synergistic effect of combining hybrid, multi-scale reinforcement has shown to 

surpass the positive impact of the individual reinforcement. In the current work, the tribological 

performance (e.g., WR and COF) of neat HDPE and HDPE-based wood composite with different 

moisture contents is evaluated by means of a pin-on-disc (PoD) tribotest configuration. Changes 

of materials’ structure and response to various parameters are also investigated.  

2. Experimental  

2.1 Materials  

High-density polyethylene (HDPE, MG9647S, Borealis AG) in pellet form with a density of 0.964 

g/cm3 is used as the base polymer. A master batch of graphene in HDPE (heXo HDPE1-V20/35, 

NanoXPLOre) with 35 wt% GNPs is used to incorporate the nanoparticles into the composites. 

According to the manufacturer’s technical data sheet, the platelets in the masterbatch have an 

average of 40 layers graphene sheets with a thickness of 20 nm and a lateral dimension of 50 

µm. The platelets are functionalized at the edges by the supplier to enhance compatibility with 

the polymer. Wood flour (WF, Scandinavian Wood Fiber AB) is a sawdust of spruce and pine 

wood with 75% of its particles in the size range of 200–400 µm.  Maleic anhydride-grafted 

polyethylene (MAPE, E265, DuPont), is used as a compatibilizer for the wood composites. Table 

1 shows the composition of the studied materials with their designation names.  

Table 1. Sample designation and composition of constituents 

Sample code HDPE (wt%) GNP (wt%) WF (wt%) MAPE (wt%) 

HDPE 100 - - - 

HDPE15 85 15 - - 

40WPC 58.5 - 40 1.5 

40WPC15 43.5 15 40 1.5 

 

2.2 Methods 

Composites were manufactured by melt compounding the dry constituents in a co-rotating twin 

screw extruder followed by compression molding under 100 bars. Samples for tribological test 

were machined from composite sheets to nominal dimensions of 4mm × 4mm × 4mm cubes. 

Edges were carefully cleaned with razor blades to remove the excess polymer lint that might 

disturb the test. Tests were performed on the faces in contact with the compression mold plates 

which were preserved without polishing.  Sample conditioning environments were prepared by 

using saturation salts in sealed glass containers (MgCl2 for 33% RH and NaCl for 78% RH ± 5%) 

at room temperature. Samples were dried in the oven at 50 °C for several days and initial weight 

was registered. The moisture saturation in the samples was monitored by weighing the mass 

increase on predefined time intervals, until the difference between three successive 
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measurements is less than 0.1% (the duration varies depending on the type of sample and 

ranges from 3 weeks for neat polymer and 6-7 weeks for the highly loaded wood samples).   

Friction and wear measurements were obtained using a TE67 pin-on-disc tribometer 

measurements. The linear volumetric wear was calculated using a linear variable differential 

transformer. Stainless steel disc (EN 1.4307 alloy - 18% chromium and 8% nickel) having a 

finished surface roughness of 0.3 µm was used as a counter surface (CS) rotating with a 

rotational velocity equivalent to a linear speed of 0.13 m/s. The two surfaces were brought into 

contact and a dead-weight of 80 kg (resulting in a contact pressure of ≈5 MPa) was applied. Test 

was running for a sliding distance of 4000 m.  

Morphological changes of materials due to friction have been investigated by differential 

scanning calorimetry (DSC) utilizing Mettler Toledo DSC281 equipment. The thermal history of 

the samples was not removed by an initial heating run as it also contain the thermal information 

from the test. Therefore, the change induced by the test conditions was evaluated by comparing 

the two ends of each sample, assuming that they have gone through the same thermal history, 

except for the additional effect at the friction end in contact with the CS. A single heating run 

was implemented with a heating rate of 10 K/min in an inert atmosphere (Argon, 80 ml/min) in 

the temperature range 25 °C – 250 °C. Crystallinity was evaluated using heats of fusions obtained 

from the DSC data. For reinforced materials, the fraction of reinforcement is taken into account 

according to Eq. (1) and only melting enthalpy of the polymer crystals is considered. In this 

equation, %𝜒𝑐 is the crystallinity of the polymeric phase, ∆𝐻𝑓 is the measured melting enthalpy 

of the sample, ∆𝐻𝑓
0 is the theoretical melting enthalpy of 100% crystalline PE (293 J/g) and 𝑊𝑓 

is the weight fraction of the reinforcement.  

%𝜒𝑐 =
∆𝐻𝑓

∆𝐻𝑓
0 ×

1

1−𝑊𝑓
× 100     (1) 

Microscopic observations were performed using scanning electron microscope (SEM, Jeol JCM-

6000) and stereo microscope (Nikon SMZ1270) on the CS as well as the pin samples after the 

test to analyze the wear mechanisms. 

3. Results and Discussions  

3.1 Moisture Uptake 

As different materials reach different saturation levels based on the affinity to moisture and the 

available free volume for water molecules, Table 2 shows the final moisture content at 

saturation for the conditioned samples at the different relative humidity levels.  

Table 2. Moisture content of the samples after saturation in controlled environment 

Moisture content (%) 

 HDPE HDPE15 40WPC 40WPC15 
RH 33% <0.01-0.05 <0.01 0.18-0.42 0.04-0.14 
RH 79% <0.01-0.08 0.01-0.1 1.33-1.42 1.27-1.39 

 

The hydrophobic polymer and its nanocomposites do not show significant changes in mass as 

they do not absorb moisture. On the contrary, the addition of the hydrophilic wood immediately 

impacts the moisture uptake of the composites and cause it to increase. Further addition of the 
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GNPs causes the moisture uptake of WPC to reduce, especially at 33% RH. The difference in mass 

evolution during conditioning between the WPCs and the WPC with GNP are not as obvious as 

expected for the environment containing relative humidity of 79%. As graphene is a hydrophobic 

material, the addition of graphene should have decreased the moisture absorption compared 

to the WPC. These results can be the consequences of inhomogeneity of the samples with the 

presence of wood-clusters and voids among them that increases the available free volume for 

moisture uptake [6]. This is possible at high content of reinforcement in the composite. In a 

complementary study, the impact of graphene in composites reinforced with 25% wood fiber 

appears to be visible both in the 33% RH or 79% RH environment (unpublished results). A 

decrease in water absorption was clearly visible between samples containing 25% wood and 

samples containing 25% WF and 10% GNPs. Correlation between the homogeneity of samples 

and their moisture uptake has been reported previously [6][7].  

3.2 Tribology 

The results obtained for the COF of the samples with different moisture contents, shown in 

Figure 1, reveal an increase in this coefficient for the WPC compared to neat polymer and the 

other formulations at all conditions. It is highest at 33% RH for the 40WPC and no clear trend for 

the effect of moisture content on the COF can be observed. Conflicted results are available in 

literature on the effect of addition of WF on the COF of thermoplastic matrix as both decrease 

[8] and increase [9] in COF have been reported. It is possible that the very little moisture content 

is being evaporated at the point of contact due to the heat development at interface, before 

being able to lubricate the surface, this, however, needs to be validated. The impact of adding 

GNPs on the WPC is noticeable as the coefficient of friction of 40WPC15 is significantly lower 

than that of 40WPC but also slightly lower than those of the neat polymer and the 

nanocomposite. These improvements for the 40WPC15 are probably due to the improved 

distribution of the GNPs over the scaffold-like structure provided by wood fibers that can elevate 

the lubricating nature of GNPs.  

 

Figure 1. COF for the neat polymer and the composites at different moisture saturation level 

On the other hand, the linear volumetric wear rate decreases significantly for all composites, 

regardless of the type of reinforcement, compared to the neat polymer, see Figure 2. Both types 

of reinforcement reduced the wear rate by about 80% compared to the neat HDPE at the dry 

conditions. However, with these testing conditions, almost no wear was noticeable for the 

40WPC15 as the wear rate for this formulation was less than 1% of that in HDPE.  Statistical 
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analysis of variance (ANOVA) revealed no statistical significance effect of moisture on the 

samples containing nanoparticles (i.e., HDPE15 and 40WPC15). The wear rate has though been 

affected by moisture for the neat polymer and the wood containing samples compared to the 

wear rate of their dry counterparts. It is expected that the moisture present in the sample results 

in plasticization of the polymer that it becomes softer, easier to deform but less prone to wear 

and detach from the surface (i.e., more ductile). On the other hand, once the surface layer of 

polymer has been transferred to the counter surface and fibers are exposed, the fibers act as 

protection for the polymer surface against wear reducing the wear rate significantly and 

resulting in the increase of the friction coefficient as was noticed earlier. It is worth noting that 

the wear rate presented in Figure 2 is calculated from the linear part of the volume loss curve 

over distance and the complete curve varies in the nonlinearity between the different materials 

under study. Other authors [10] have reported significant increase in the specific wear rate of 

natural fiber reinforced composites after water immersion due to fiber degradation despite the 

use of reinforcement in a woven form that is highly resistant to wear. Even though randomly 

oriented fibers are more prone to debond and detach from the polymer due to friction forces, 

the deterioration by the effect of moisture sorption could be less significant compared to water 

immersion. Extended exposure to water promotes the formation of type II bond water where 

water molecules are bonded chemically by multiple hydrogen bonds to the polymer chains 

rather than single bond or freely filling the nano-pores [11]. This highlights the difference in 

durability and serviceability of the material based on the intended application.  

 

Figure 2. Wear rate of materials at different moisture saturation levels.  

The effect of addition of the GNP on the wear mechanism is shown in Figure 3. It can be seen 

that the presence of GNPs resulted in the formation of discontinuous transfer film on the CS, 

which was helping smearing the polymer debris on the surface, rather than removing them 

away. This is also visible on the surface of the pins (micrographs to the right) as it appears 

smoother (with well embedded patches of debris) than that of the neat polymer pin (with 

polymer particles barely attached to the surface). However, the presence of discontinuous 

transfer film means that there would be repeatable polymer-polymer adhesion at the contact 

points with the film that does not reduce the global COF after the tested sliding distance.  

The effect of the moisture content on the wear mechanism is examined in Figure 4 for the 

40WPC at different moisture saturation levels. This sample was selected for comparison as it 
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showed a significant dependence of wear rate on the moisture content. With the increase in 

moisture content, the polymer gets softer and more ductile that it is easier to spread over the 

counter surface creating more continuous transfer film.  

  

  

Figure 3. SEM images of CS (left) and pins (right) for the HDPE (top) and HDPE15 (bottom) at a 
moisture saturation level of 33% RH 

  

  

HDPE 

HDPE15 

Dry 

33% RH 
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Figure 4. SEM images for CS (left) and WPC pins (right) with different moisture content 
examined after the wear test on a PoD configuration  

3.3 Morphology 

Crystallinity of the materials calculated by Eq. (1) is presented in Figure 5. For most of the 

materials the crystallinity does not change significantly between the Friction-side and the 

Opposite-side, so the correlation between these two parameters is not relevant under the 

tested conditions. It could also be possible that the sliding time is insignificant to cause the 

expected variation. Contact layer for the material of large wear rate is being removed 

continuously before the friction and contact pressure could induce changes to the 

microstructure. On the other hand, it could be speculated that during the sliding deformation, 

the surface layer of the polymer (especially the reinforced samples which does not wear much) 

undergoes time-dependent deformation where compaction of the amorphous part rather than 

crystallization occur which is then being relaxed until the time of DSC test. Repeating the tests 

for longer sliding distances could confirm the results. Earlier studies on UHMWPE samples 

revealed noticeable changes in the crystallinity of the polymer at similar sliding distances by the 

effect of reorientation of the polymer chains at the surface of contact [12]. Nonetheless, 

crystallinity has been changed by the effect of the moisture content, for the materials that 

showed significant moisture uptake (WPC and WPC with GNP). The crystallinity has increased 

almost linearly with the increase in moisture content. That could be explained by the possible 

swelling of the fibers that could cause increased local mechanical stresses on the polymer chains 

leading to the change in crystallinity. 

 

Figure 5. DSC results on the crystallinity change due to test parameters 

 

79% RH 
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4. Conclusions  

The current study has shown that significant improvement in the tribological performance of 

WPC based on HDPE could be achieved by reinforcing the polymer with wood fibers (micro-

sized) and graphene nanoplatelets (nano-sized). Up to 99% reduction in the wear rate and 11% 

in the COF was registered for samples reinforced with 40 wt% wood fibers and 15 wt% GNPs. 

Moisture content in the samples did not have a significant impact on the COF when GNPs are 

present. However, it contributed to the change in the wear mechanisms of the WPC and the 

degree of crystallinity of the materials undergone noticeable mass change due to moisture 

uptake. Challenges in obtaining homogeneous samples have been reflected in the large scatter 

of the results, especially because of the small size of the samples used for the characterization. 

Better distribution and more homogeneous samples could be achieved if lower concentrations 

of the reinforcements are considered.  
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Abstract

The deformation of polymers at constant applied stress is one of their major draw-

backs, limiting their use in advanced applications. The study of this property using

classical techniques requires extensive testing over long periods of time. It is well

known that reinforced polymers show improved behavior over time compared to

their neat counterparts. In this study, the effect of adding different amounts of

graphene nanoplatelets (GNPs) on the time-dependent properties of high-density

polyethylene (HDPE) is investigated using short-term creep tests and load/unload

recovery tests. The results are discussed in terms of the test profile and the influ-

ence of loading history. Viscoplasticity/viscoelasticity analysis is performed using

Zapas model and by comparing creep, creep compliance and pure viscoelasticity

curves. The results show that the reinforcement of 15 wt% GNP have the most sig-

nificant effect on the time-dependent behavior, reducing the strain by more than

50%. The creep compliance curves show that nano-reinforced HDPE behaves

nonlinearly viscoelastically even at very low stresses. In addition to demonstrating

the effect of nano-reinforcement, the discussion of the results concludes that the

influence of loading history can be quite significant and should not be neglected

in the design and evaluation of material behavior.

KEYWORD S

graphene and fullerenes, mechanical properties, theory and modeling, thermoplastics, viscosity

and viscoelasticity

1 | INTRODUCTION

Interest in the use of polymers and their composites as
lightweight, chemical- and corrosion-resistant alternatives
to metals remains strong and continues to grow, for exam-
ple, in the automotive industry,1 tribological applications,2

and construction.3 With the progress in nanotechnology,
new multiscale, multifunctional polymeric materials with

nanoscale reinforcements are being developed, and research
continues to characterize their physical, thermal, and
mechanical properties. Of these materials, polymers doped
with nanoscale carbon derivatives (e.g., carbon nanotubes
and graphene or graphene derivatives) are emerging as can-
didates for the automotive industry and other advanced
applications, such as flexible electronics and smart
structures.4
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A general characteristic of polymers is their viscoelas-
tic behavior and the dependence of their properties on
time. A polymeric material subjected to a constant load
over a long period of time exhibits large deformations
(creep), leading to failure at stresses below the tensile
strength. In applications, this determines the life of a
component and the need to replace it. Reinforcing poly-
mers is one way to enhance the creep resistance and
extend service life that eliminate the need for frequent
replacement, resulting in reduced plastic waste. Even
polymers with the nano-reinforcement exhibit nonlinear
behavior,5 but the degree of nonlinearity in the viscoelas-
tic response (in Polyamide 66 [PA66]) was found to be
reduced with the size of nanoparticles that in return con-
tribute to a better improvement in the creep resistance.6

The mechanism of altering the time-dependent response
upon incorporating nano-reinforcement is best explained
by the restricted mobility of polymer chains by the effect
of rigid inclusions.7 One of the phenomena which are cru-
cial for the performance of materials over time is the devel-
opment of irreversible deformation caused by micro-
damage or/and viscoplasticity. However, research on the
time-dependent properties of nanocomposites is still quite
limited,5,8–10 compared to the extensive research on other
mechanical properties. This is due to the complexity and
lengthy times of traditional experimental procedures for
evaluating such properties. Moreover, fundamental simula-
tion studies at the molecular level require accurate and
detailed knowledge of nanoparticles and the polymer prop-
erties, which are usually difficult to obtain. Such studies
deal with idealized systems that are far from reality when
they are produced commercially.

Among the different carbon derivatives, graphene
sheets were reported to have the most significant positive
effect on the creep resistance of the host polymer.11,12

Single-layer graphene is a 2D material with a thickness of
one carbon atom that has remarkable mechanical, ther-
mal and electrical properties.13–15 Doping polymers with
this material can lead to a significant improvement in
mechanical properties together with additional function-
ality derived from the intrinsic properties of graphene.
However, the production routes for single-layer graphene
are high energy-consuming and uneconomical for large
scale systems. Graphene Nanoplatelets (GNPs), which
consist of multiple layers of graphene sheets, are alterna-
tive 2D materials that can be fabricated using lower-cost
methods suitable for upscaling.16,17 Due to the large
aspect ratio of these 2D nanomaterials they can be used
to modify polymers resulting in a notable improvement
in the mechanical properties,18 compared to neat coun-
terparts even at relatively small loadings,19 provided that
a suitable processing technique is used that directly
affects the quality of the particle dispersion.20,21

Modeling and predicting the behavior of materials
over time helps avoid extensive and time-consuming test-
ing. Conventional models used for predicting the time-
dependent behavior of viscoelastic materials are the
empirical models such as Norton's power law,22 and its
modifications or constitutive models in which damage
accumulation is taken into account, and extensive experi-
ments for parametric identification are avoided.23 A
viscoplastic (VP) model proposed by Zapas et al.24 has
been successfully used to describe the VP strain evolution
in different materials.25–29 In this model, the VP strain is
written in terms of a stress-dependent integral, with
parameters determined in creep and strain recovery tests.
However, it has not been studied to describe the behavior
of nano-reinforced polymers.

Despite the large number of studies investigating the
effect of nanoplatelets on the mechanical properties of
thermoplastic polymer nanocomposites, less focus has
been placed on the combination of high-density polyeth-
ylene (HDPE)/GNP produced by melt blending.19

Besides, the use of a commercial masterbatch as a feed-
stock for easily scalable production is being explored.
This study investigates the time-dependent behavior of
HDPE doped with GNPs using a masterbatch in a melt
blending process without using a compatibilizer. The
focus of the work is to (1) evaluate the time-dependent
response of HDPE at different GNPs loading and with
different loading scenarios; (2) evaluate the applicability
of a previously developed model to predict the creep of
nanocomposites and validate the modeling approach in
general; and (3) characterize the viscoelastic response of
these materials in terms of linearity/nonlinearity. The work
presented here is a comprehensive investigation of the
time-dependent response with respect to viscoplastic and
viscoelastic components performed at relatively short time
intervals. This is done by experimentally characterizing the
irreversible, that is, viscoplastic (VP) strain evolution and
identifying the VP model based on these measurements.
The results and conclusions are supported by complemen-
tary tests for validation. A quantitative analysis of the effect
of GNPs on the viscoelasticity of HDPE was also performed.
The approach of separating the VP and VE responses allows
for future prediction of complex loading profiles, facilitated
by the extracted modeling parameters.

2 | EXPERIMENTAL

Commercial HDPE (MG9647S, BOREALIS) pellets
were used as reference material and matrix in the pre-
pared nanocomposites. The reinforcement is presented
in the form of commercial masterbatch pellets. The
HDPE-based masterbatch containing 35 wt% GNPs
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(heXo HDPE1-V20/35, NanoXplore) was used to obtain
HDPE with various GNP contents by 'diluting' with the
pure polymer to obtain the required GNP content. The
GNPs in the masterbatch are in the form of 40 layers
graphene sheets making up a thickness of 20 nm, lat-
eral flake size of 50 μm and an average surface area of
30 m2/g. Based on the manufacturer's technical
datasheets,30 these platelets are functionalized only at
the edges with carbonyl and hydroxyl groups that make
up less than 2% by atomic weight to enhance their
compatibility with the polymer. This functionalization
has eliminated the need to use additional coupling
agent or compatibilizer during the processing.31 Since
these are commercial products, particles were not fur-
ther modified or characterized as it is not the scope of
the current study, and these characterizations have
already been performed by the manufacturer and can
be found in the technical datasheets.30 The choice of
this type of reinforcement is based on their suitability
for developing polymer with added functionality for
multifunctional composites (with thermal or electrical
functionality besides the structural characteristics) in a
previous work by the authors.31 The number of func-
tional groups is kept at a minimum and are present
only at the edges in order to preserve the conductive
characteristic of graphene sheets. It is also the reason
behind the selection of high content of GNPs in the
investigated materials (see the following paragraph)
since the percolation threshold for conductivity is rela-
tively high for highly crystalline thermoplastics
processed by melt blending.32

The nanocomposites were manufactured by melt
compounding in a co-rotating twin-screw extruder
(ZSK25, Krupp Wener & Pfleiderer GmbH) followed by
compression molding using a conventional 310-ton
press (Fjellman). It is worth noting that the term
'nanocomposite' usually refers to composites modified
with nano-sized particles even if they end up being pre-
sent in the microscale due to their re-agglomeration
during processing. This convention is further used in
the rest of the manuscript. Specimens were cut from the
pressed plates using waterjet and thoroughly dried for
8 hr at 80 �C. Further details of the composite
processing are not elucidated here as this information is
presented in a previous publication.31 The content of
GNP in the resulting composites were 2, 6, and 15 wt%.
Neat HDPE matrix was used as reference material, but
it was pressed directly from the granules without extru-
sion. It is the intention of this study to present compar-
ative trends in terms of reinforcement content rather
than quantitative values; therefore, differences arising
from the different processing techniques of the neat
polymer and the nanocomposites are neglected when

evaluating the overall trends. It is logical that
processing the neat polymer in the extruder could lead
to a decrease in its properties (caused by possible chain
shortening due to cleavage) and would lower the initial
values of the reference; therefore, any improvement
resulting from the addition of the reinforcement would
only become more extensive when compared to larger
initial differences based on Equation (1).

% improvement n in X =
X2−X1ð Þ
X1

× 100%, ð1Þ

in which X2 is the property of the modified
nanocomposite, and X1 is the property of the reference
polymer.

Creep tests (in tension) were performed on electrome-
chanical tensile machine Instron 3366 equipped with
10 kN load cell and pneumatic grips following the test
sequence presented in Figure 1. Standard Instron exten-
someter 2620–601 with 50 mm base was used to measure
axial strains εx, whereas lateral strains, εy, resulting from
the lateral contraction of the sample by the Poisson's
effect, were measured by general-purpose strain gauges
(EA-06-015EH-120/LE, from Micro-Measurements).
Rectangular specimens (70 mm in gauge length, 18 mm
in width) were subjected to a sequence of tensile loading
ramps each consisting of uploading to constant stress
(loading was done in displacement-controlled mode with
a rate of 3.5 mm/min which corresponds to a strain rate
of 5%/min); keeping the stress constant for a fixed time
(creep); unloading (the same rate as loading) the speci-
men and waiting for viscoelastic strain recovery
(to measure residual strains). The duration of creep load-
ing in a ramp was 10, 20, 30 and 60 min, with a total
creep test time of 2 hr. The applied stress levels in the
creep test were 7.5, 10, 12.5 and 15 MPa which corre-
spond to 30% to 60% of the maximum tensile stress of
HDPE (22 MPa). Tests were performed on a single speci-
men of each material in an increasing order of the
applied stress to minimize the scatter and the influence
of damage on results as was previously established.28

Each loading period in the ramp was followed by the
recovery period of eight times (×8) longer than the load-
ing time. During strain recovery, the load was kept con-
stant at 4 N. The specimen was not unloaded entirely
(to zero load) due to technical reasons. However, the 4 N
value was very small and corresponds to less than 1% of
the maximum load applied at smallest stress level
(7.5 MPa) of neat polymer (the value is lower than 1% at
higher stress levels). At the end of the recovery, residual
strains in two directions, εVPx (further in the paper
referred to as axial) and εVPy (denoted as lateral), were
considered as viscoplastic.
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After the material has been subjected to high stresses,
the materials' elastic properties (stiffness) may be
affected, and filler-filler interaction may occur, especially
with high amounts of GNPs. To evaluate the significance
of damage developed at high stresses, the dependence of
the elastic modulus on the previously applied maximum
strain/stress was measured in a loading-unloading-
recovery test. A cycle consists of loading to a strain of
0.2%, subsequent unloading to a load level of 5 N, and
reloading to a predetermined strain level. In the follow-
ing step of a cycle, the strain was varied: 0.4, 0.6, 0.8,
1, 1.5, 2, 3, 4, 5, and 6% relative to the residual strains
from the previous step. After each unloading step, the
specimen was allowed to recover the reversible strains for
a period of time ×4 longer than the time required to load
and unload the specimen. The cyclic tests were per-
formed in displacement-controlled mode at 2 mm/min
(equivalent to 2%/min) on the same setup used for the
creep tests. Modulus was calculated from the unloading
segment of the 0.2% strain step between the strain range
of 0.1–0.05%.

The evolution of accumulated strains makes it chal-
lenging to set constant test criteria in terms of strain. For
example, after an accumulated strain of 1%, the next
loading step would also be shifted by 1%. Also, it would
not be possible to maintain the same strain interval for
stiffness calculation in all cycles. To solve the first prob-
lem, the loading ramp was set relative to the residual
strain of the previous cycle. As for the stiffness calcula-
tion, the stress levels corresponding to the strains in the
first loading-unloading ramp were noted and then used
in all subsequent steps, that is, the stiffness was

calculated from the slope of the unloading segment in
the range between �0.25 MPa (corresponding to 0.05%
strain in the first step) and � 1.12 MPa (corresponding to
0.1% strain in the first step). Figure 2 shows the sche-
matic of the testing procedure with the loading and
recovery segments.

To demonstrate the morphology of the prepared
materials, scanning electron microscopy (SEM, JEOL
JCM-6000 Neoscope) was performed with an electron
acceleration of 15 kV. The samples were broken in liquid
nitrogen, and the broken surface was sputter-coated with
gold before microscopic examination.

3 | MODELING OF NONLINEAR
DEFORMATION BEHAVIOR

The strain response of materials under load can be sepa-
rated into the irreversible viscoplastic (εVP) and the
reversible viscoelastic (εVE) strains developed under load.
Both can be influenced by possible microdamage intro-
duced into the microstructure leading the total strain (ε)
to be written as follows:

ε σ, tð Þ= d σmaxð ÞεVE σ, tð Þ+ d σmaxð ÞεVP σ, tð Þ, ð2Þ

where the strain (ε) is a function of stress (σ) and time
(t). In Equation (2), parameter d represents the effect of
damage introduced at the maximum applied
stress (σmax).

The viscoplasticity was characterized using model by
Zapas and Crissman,24 where VP strain growth during
loading with specified time dependence of the applied
stress is given by:

FIGURE 2 Schematic of the loading-unloading-recovery test;

the small peaks correspond to the 0.2% strain step for the modulus

calculation, and the larger peaks are the loading ramps, which were

varied in steps from 0.4 to 6%
FIGURE 1 Schematics of the test sequence and residual

(viscoplastic) strains at the end of the recovery [Color figure can be

viewed at wileyonlinelibrary.com]
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where CVP, M and m are constants to be determined
experimentally, σ* is arbitrary chosen stress value, t

t� is
normalized time and t* is an arbitrarily chosen character-
istic time constant. For simplicity and to obtain dimen-
sionless parameters, values of σ*=1 MPa and t*=120min
(equal to total creep time) were used in this study.

Limited material was available for experiments, and
thus, the methodology described in work by Pupure
et al.28 was employed in order to obtain the maximum
amount of information for experimental material con-
stants from the least number of tested specimens. This
method allows full characterization of viscoplasticity
using only one specimen. However, this methodology is
material-sensitive, and thus some preliminary investiga-
tions have been performed to set test criteria and are dis-
cussed in the following section. Due to the previous
loading history, the parameter identification becomes
more complicated. At k-th stress level nkσ0 (for the first
stress level the n1 = 1) and with the same total duration
time of creep Δt0 for previous stress levels, VP strain can
be obtained as follows:

εVP nk, tð Þ=CVP

σmM
0

Δt0
t�

+nM2
Δt0
t�

+nM3
Δt0
t�

+…+ nMk
t− k−1ð ÞΔt0

t�

� �m

,

ð4Þ

Since t* is an arbitrary chosen constant, the choice of t*=
Δt0 reduces Equation (4) to:

εVP nk, tð Þ=CVP

σmM
0 1+nM2 +nM3 +…+nM

k
t− k−1ð ÞΔt0

t�

� �m

, ð5Þ

Applying natural logarithm of both sides of Equation (5)
renders the following relationship:

ln εVP nk, tð Þð Þ= ln CVPσ
mM
0

� �

+m ln 1+nM
2 +nM3 +…+ nMk

t− k−1ð ÞΔt0
t�

� �
, ð6Þ

From this equation follows that experimental relationship
between VP strain and time ln(εVP)�ln(f(ni, M, t)) has to
be linear for all stress levels. Thus, the first step is to find
M value when for all the stress levels the data points are

“linearized”. These data can be fitted with function
y = mx+ c, thus obtaining a first approximation of
parameter m and CVP. By further adjusting the parameters,
to obtain the best overall fit (m, CVP values have to be the
same for all stress levels), the correct values for
viscoplasticity law can be obtained. It has been seen that
fitting of data at higher stress levels is significant for more
accurate VP parameter identification. By doing so, any dis-
crepancy of the fitted curves from the experimental results
becomes less significant at lower stress levels or strain
values. It should also be noted that the fine-tuning of the
fitting parameters is done by visual evaluation of the curves
fitting to the experimental data.

Afterwards, the VP strain can be subtracted from the
total amount of strain to obtain pure VE strain. The VP
strain was removed with the method described by Nordin
and Varna.25 This methodology allows the use of actual
VP strain of experiment in the subtraction process, thus
reducing the effect of scattering between different experi-
ments. The amount of VP strain removed from the indi-
vidual test would be the same as experimentally
measured.

During the first creep loading step, viscoplasticity is
removed with the following expression:

ε1VP tð Þ= εcVP
t

Δt1

� �m

, ð7Þ

where εcVP is the VP strain accumulated during loading of
the first step with a total duration of Δt1. Afterwards, due
to previous loading history, removal of viscoplasticity is
done according to this expression:

εkVP tð Þ= εk−1
VP

� � 1
m + εkVP

� � 1
m− εk−1

VP

� � 1
m

h i t− tk−1

tk− tk−1

� �m

, ð8Þ

where tk-1 is the time at the beginning of the current load-
ing step and tk is the time at the end of the current
loading step.

4 | RESULTS AND DISCUSSIONS

4.1 | Results of preliminary
investigations

It is well known that polymers fail by creep at stresses
lower than their ultimate tensile strength. Therefore, to
avoid failure of the specimens during the creep test, the
selection of creep stresses is based on the breaking stress.
The materials prepared have the tensile properties shown
in Table 1,31 upon which the creep stresses were selected
between 30% and 60% of the maximum tensile stress of
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HDPE. The results show that the strength and modulus
increased continuously with the increase of the reinforce-
ment percentage. This was attributed to both the parti-
cles' inherited stiffness and the improved compatibility
with the polymer due to the functionalization of the
platelets at the edges. In addition, the low scatter of the
results (all scatter values are within 5% of the mean)
could support the applicability of using one specimen
that can be representative of the material. Nevertheless,
the use of multiple samples for validation purposes is rec-
ommended if they are available.

The consistency of samples and the dependency of
results on recovery time were investigated utilizing two
specimens of the 6% GNP content subjected to different
loading profiles. Figure 3 shows that the two specimens
are behaving identically at the first three steps when the
testing profile was identical, indicating consistency
between the different samples. However, when the time
of recovery was shorter in one specimen (ramp 4 in
Figure 3), the recovery was not completed, and some of
the reversible strains were not fully recovered. These
strains were carried on to the next stress level causing a
discrepancy in the results. Therefore, a recovery time of
eight times the loading time was followed during the rest
of the experiments.

A further investigation of the influence of loading his-
tory was carried out with the loading-unloading-recovery
test. For this purpose, an additional specimen from two
materials were used, namely HDPE+0%GNP and HDPE
+2%GNP. These specimens were loaded to 6% strain in a

continuous ramp, and the response was compared to
applying the load in several smaller increments. The
response was not investigated for all combinations, but
the two combinations investigated were sufficient to infer
the importance of the loading history and recovery part
that should be considered in further investigations.
Figure 4(a) shows the graphs for the 2%GNP combina-
tion, while Figure 4(b) shows an enlarged section of the
initial part of the curves in Figure 4(a). The curves show
a clear viscoelastic response represented by the hysteresis
loops and a strong dependence of the material behavior
on the loading history. The material loaded stepwise to a
specific strain level (6%) shows larger strains (resulting
from the accumulation of residual strains in each step)
compared to direct loading with one step to the same
strain. This is also shown numerically in Table 2 for the
two combinations of materials at low- and high-stress
levels. In a previous study33 conducted with a similar
material (HDPE), the results show no dependence on the
loading history. However, in that study, the specimens
were not allowed to recover after load removal, so the vis-
coelastic strains were not fully recovered to show the
effect of viscoplasticity. In the current work, time was
given for recovery, and viscoplasticity showed a clear
dependence on both loading history and recovery time. It
can be concluded that the recovery portion is an essential
step in the test, which also reflects a more realistic
approximation of cases in real applications. It is also
worth noting that the stiffening of the material due to the
addition of GNPs manifests itself in the higher stress

TABLE 1 Tensile properties of HDPE and its nanocomposites

Property/material HDPE+0%GNP HDPE+2%GNP HDPE+6%GNP HDPE+15%GNP

Modulus [GPa] 1.89 ± 0.06 2.11 ± 0.11 2.49 ± 0.05 3.85 ± 0.19

Maximum Stress [MPa] 22.47 ± 0.57 22.71 ± 0.35 23.46 ± 0.32 26.40 ± 0.53

FIGURE 3 Development of strain for two specimens of HDPE+6%GNP at different recovery times at two stress levels (7.5 and 10 MPa)

[Color figure can be viewed at wileyonlinelibrary.com]
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levels reached at the 6% strains applied, resulting in
higher apparent residual strains.

From Figure 4(b), one can also see the nonlinear behav-
ior in these materials even at very low stresses. This perfor-
mance was also observed for the pure polymer (the curve is
shown in Figure S1 in the Supporting Information Docu-
ment), where the stress at the yield point corresponding to
a 0.2% offset strain was only 8 MPa. This is typical behavior
for semi-crystalline thermoplastics, which exhibit significant
viscoelastic response.34 This nonlinearity is expected to

decrease with the addition of more rigid nanoparticles, but
not necessarily disappear completely. Previous studies have
shown similar trends for GNP-reinforced polymer
nanocomposites, where both elastic and viscoelastic non-
linearity were reduced with the addition of the particles.6,35

When loaded up to a specific stress/strain, filler-filler inter-
action and filler layers begin to break and slip. At this point,
nonlinearity may increase, especially at higher amounts of
filler particles, as more interaction promotes nonlinearity
(discussed in the next section).

FIGURE 4 Effect of loading history during the loading-unloading-recovery test (a) and enlarged portion of the initial part of the curve

(b) [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 2 Effect of the loading

history and the GNPs content on the

residual strains in loading-unloading-

recovery test

Material
HDPE+0%GNPs HDPE+2%GNPs

Loading type Single step Multiple steps Single step Multiple steps

Stress level [MPa] 3.07 20.23 3.17 20.4 3.66 20.22 3.37 20.92

Residual strain [%] 0.01 1.219 0.011 1.989 0.008 1.15 0.013 2.036

FIGURE 5 (a) stiffness evolution of the different materials with the incremental stress levels; (b) residual strains against maximum

applied stress obtained from loading-unloading-recovery test [Color figure can be viewed at wileyonlinelibrary.com]
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4.2 | Loading-unloading-recovery test

After each loading step applied to the material, the stiff-
ness was evaluated. The stiffness is normalized to the ini-
tial value, and its evolution with the maximum applied
stress is shown in Figure 5(a) (a similar figure plotted
against strain can be found in Supporting Information,
Figure S2). It can be seen that the stiffness of the mate-
rials shows no noticeable change up to a stress of 17 MPa.
However, after this stress value, the stiffness starts deteri-
orating and shows a maximum decrease of 20% for the
sample with maximum filler content loaded to a stress of
25 MPa. This results from the large plastic deformations
suffered by the material when subjected to high stresses
(recall that the maximum tensile stress of HDPE+15%
GNP is 26.4 MPa). It is worth noting that the stress for
the onset of plastic deformation (17 MPa) is higher than
the maximum stress level chosen in the creep test
(15 MPa). Therefore, it is safe to assume that the damage
parameter in (2) is negligible when modeling non-
linearity up to a stress of 17 MPa. At high stresses and
large amounts of reinforcement, degradation is assumed
to proceed more rapidly due to the expected agglomera-
tions that may act as damage triggers or cause local stress
concentrations. This is observed by the steep degradation
of the stiffness of the material with 15% GNP at the last
three stress levels.

The trend of the change of the irreversible strains by
the effect of the addition of GNPs at different stress
values obtained from the loading-unloading-recovery test
is shown in Figure 5(b). It is clear from the figure
that the significant difference in the residual strains is
achieved only at the higher GNPs loading (15 wt%). Up
until 15 MPa stress level, the other materials showed no
notable difference in the accumulation of the residual
strains.

4.3 | Morphology

Figure 6 shows the morphology of the studied materials
at different GNP loadings as seen under the SEM. Since
no rupture occurred during the creep tests at any stress
levels or creeping times, the microstructure was investi-
gated on samples cryo-fractured in liquid nitrogen. An
interesting difference could be seen when materials are
observed at low and high magnifications. At low magnifi-
cations, the overall trend shows an increased surface
roughening in the presence of the GNPs compared to
pure polymer (images c, e, g compared to a, in Figure 6)
where the particles introduce torturous routes for the
fracture path. On the other hand, the magnified micro-
graphs show more the regions of polymers in focus and

in those micrographs the trend is reversed. There is an
evident change in the morphology of the polymer from
the topological fibrillated surface of the HDPE in
Figure 6(a), (b) (indicated by the arraws in (b)), to the
smoother surface at higher GNP loadings (6 wt% and
15 wt%) in Figure 6(e)-(g). This behavior of polymer is
explained by cryo-state at fracture since the polymer was
near its glass transition temperature (−125 �C36), thus
showing a characteristic more akin to that of brittle poly-
mers. Additionally, the polymer chains between the
GNPs become more locally stressed by the effect of the
surrounding rigid particles.37 The effect of the addition of
platelets on the fracture behavior of the polymers is still
controversial due to the challenges in achieving consis-
tent quality of nanocomposites to study it thoroughly, but
positive and negative effects have both been observed.38

At 2 wt% GNP, the introduced particles could be detected
at some sites (e.g., the ones marked at the tip of arrows in
Figure 6(d)), but the occurrence of GNP is denser in sam-
ples of 6 wt% and 15 wt% GNP contents, see Figure 6(e)-
(h). The platelets appear mostly thin and transparent,
indicating the presence of well-separated sheets. But
thicker, less separated particles could also be spotted,
such as the agglomerates at the highest particle content
shown in Figure 6(i),(j). However, since no negative
effect has been noticed on most of the studied properties,
it is assumed that such defects are homogeneously dis-
tributed within the volume of material.31 Generally,
rather than a single state, a mixture of different states of
the nanoplatelets (aggregates, intercalated, and exfoliated
nanoparticles) exist simultaneously in the
nanocomposites.39 However, particles are overall well
embedded in the matrix and homogeneously distributed.
It is well known that the study of the morphology of
nanoparticles themselves under the Transmission Elec-
tron Microscope (TEM) rather than Scanning Electron
Microscope (SEM) renders more specific details about the
exfoliation state of the particles and the possible distance
between the graphene sheets within the platelets. How-
ever, SEM can give wider observation view and
delocalized characteristics of the material in general
where the distribution of fillers can better be observed40

which is more crucial for the current study. The micro-
graphs support findings concerning the improvement of
stiffness and the suppression of microdamage due to the
absence of gaps and the good compatibility of the plate-
lets with the polymer matrix.

4.4 | Short term creep tests

A typical example of axial strain response of the tested
materials is shown in Figure 7 for 12.5 MPa creep stress.
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In general, the materials show a gradual decrease in the
creep and irreversible strains with the increasing
amounts of the added GNPs. It can be seen that materials
with high amounts GNPs recover the reversible strains
faster compared to the other combinations and the pure
polymer. The addition of GNPs stiffens the material and
restricts the extension of the polymer chains so that they

are stretched more than deformed, and thus it takes
shorter times to recover after load removal. The
nanoparticles participate in the increased resistance par-
tially by replacing amount of the polymer that is prone to
creep with these stiff and rigid particles that show high
resistance to creep (provided a good interface between
the two components exists). The interphase region

FIGURE 6 Scanning electron microscopy

(SEM) micrographs of the freeze-fracture

surfaces at low (left) and high (right)

magnifications for (a,b) high-density

polyethylene (HDPE) sample, where the arrows

indicate the fibrillated surface of the neat,

ductile polymer; (c,d) HDPE with 2 wt% GNPs;

(e,f) HDPE with 6 wt% GNPs; and (g,h) HDPE

with 15 wt% GNPs and arrows point to the

platelets in the polymer; and (i,j) examples of

agglomerated particles at 6% and 15% GNPs

[Color figure can be viewed at

wileyonlinelibrary.com]
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between the polymer and the reinforcement plays a vital
role in improving the resistance of the material to creep.
Studies on nanoparticles such as Titania that are surface
treated by organophilic modifiers compared to untreated
particles for the effect on the creep behavior41 showed
that the softer organic interface resulted in minor
improvements. At the same time, firmer compatibility
between the reinforcement and the polymer was more
effective in reducing the creep compliance of the
nanocomposite. The loading-unloading-recovery test
showed that 17 MPa was the critical stress level, where
the stain of the HDPE+15%GNP reached around 3% (see
the supporting information, Figure S2). These limits that
trigger the damage were not crossed during the creep test
even at the highest stress level. Also, the SEM micro-
graphs did not show gaps at the interphase between the
polymer and the particle that reduce the efficiency of the
particles in improving creep resistance.

In the following, the creep response is further ana-
lyzed in terms of the VP and VE strains. Parameters are
extracted for predicting the long-term behavior of the
materials.

Experimental VP strains developed with time at a
stress level of 10 MPa is presented in Figure 8 as symbols,
showing a general trend of VP strains increasing with
time and decreasing with the amount of added
nanoparticles. The same trend is observed at all stress
levels and can be found in Figure S3 of the supporting
information. The lowest amount of VP strain was
achieved at the addition of 15 wt% GNP for axial and lat-
eral direction and for all applied stress levels. The 15 wt%
GNPs is a significant amount of rigid elastic particles that
are replacing quite large amount of the viscoelastic poly-
mer resulting in a large increase of the elastic share with
respect to the viscous part in the total viscoelastic
response.

Modeling of the VP strains is presented as lines (solid
for the axial and dotted for the lateral strain) in Figure 8.
The modeling approach is capable of representing the

experimental data with acceptable accuracy. Table 3
shows an evaluation of the model accuracy employing
squared error value (R2, or the coefficient of predictions)
between the experimental data and the predictions of the
model, where most of the data set have an R2 higher
than 0.9.

VP parameters for axial and lateral directions
extracted from the experimental results for all materials
are presented in Table 4. It can be seen that parameter m,
which shows how VP strain develops with time in the
axial direction (same for lateral), does not change signifi-
cantly with the addition of GNPs. Thus, indicating that
for constant stress, the dependence on time for all mate-
rials is the same in axial and lateral directions, implying
that the rate of developing VP strains does not change
with the addition of the nanoparticles at a constant stress
level. However, the parameters which show how VP
strain changes with applied stress level (i.e., M and CVP)
are significantly different for all materials. Correlating
the individual parameter to a specific physical phenome-
non is rather impossible since these are fitting parameters
interlinked within the model and change together. If a
general trend can be achieved, modeling materials with
different content of GNPs would be possible. However,
one can speculate two mechanisms underlying this
behavior; one is the homogeneous distribution of the par-
ticles over the volume of the material, and the other is
the good bonding between the particles and the matrix
material. When particles are distributed homogeneously,
the polymer chains entrapped between them behave in
the same way over time and only the extent to which the
VP strains changes is affected by the restricting act of the
rigid particles. A similar argument applies to the change
of response with the applied stress level. Assuming good
bonding between the polymer and the particles, the latter
share a great deal of the applied loads and further
improves the resistance of the polymer to creep.

The parameters extracted from tests (Table 3) can be
used to predict the VP strain development with condi-
tions other than those used in the experiments. Results of
such prediction are presented here with speculations of
possible reasons for the behavior. However, these specu-
lations are solely based on the behavior of materials in
the current study and should be validated in the future.
Figure 9 shows the VP strains at different stress levels
(in the left figure), and at longer times than used for the
test (figure to the right). For the sake of practicality, pre-
dictions were only presented for about 10 years of time
under the highest loading level. After such time, the VP
strains seem to be stabilizing and at the plateau, they do
not exceed the critical strains determined from the
loading-unloading-recovery test at which damage is
expected. Curves presented earlier for the development of

FIGURE 7 Creep strains of all samples at 12.5 MPa stress

[Color figure can be viewed at wileyonlinelibrary.com]
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the VP strains from loading-unloading-recovery test are
also presented here for comparison. Both tests showed
the same trend of reduced damage at higher content of
reinforcement. However, it can be seen that for the same
stress level, extended loading time (creep) results in
much larger VP strains than the shorter loading does. On
the other hand, the slope of the curves tends to change
dramatically with a steeper increase in the loading-
unloading-recovery test after a certain stress level
(around 20 MPa), indicating that damage might start
later, but it results in more significant changes than in
case of creep test (where the effect of microdamage is
neglected during modeling). A possible scenario is that
with the creep test, there is still time for the polymer mol-
ecules to rearrange and elongate further, but this is not

possible at higher rates, leading to failure of interphase.
This, however, is speculation that cannot be confirmed
here based on the available data. Moreover, it is reported
that extrapolating creep curves to stresses higher than
those used in the test is sensitive to changes in the VP
parameters and thus should further be investigated.42

After viscoplasticity has been analyzed, it is possible to
subtract it from the total strain in order to obtain pure VE
strain. The curves for VE strain development and creep
compliance for all the different loading times for HDPE
+2% GNP at 15 MPa applied stress level are presented in
Figure 10. It can be seen that for all the loading time dura-
tions, the VE strain and creep compliances follow the same
curve and increase in value with time. This trend was
observed for all stress levels, indicating good repeatability of

TABLE 3 Coefficient of predictions (squared error) between experimental data and model predictions for all tested conditions

R2

Stress (MPa)

7.5 10 12.5 15

Materials Axial Lateral Axial Lateral Axial Lateral Axial Lateral

HDPE+0%GNP 0.911 0.137 0.729 0.928 0.967 0.861 0.967 0.860

HDPE+2%GNP 0.631 0.941 0.836 0.965 0.752 0.972 0.976 0.996

HDPE+6%GNP 0.989 0.937 0.973 0.920 0.982 0.879 0.506 0.705

HDPE+15%GNP 0.926 0.988 0.951 0.995 0.989 0.995 0.984 0.996

FIGURE 8 VP strain

development with time for

scanning electron microscopy

(HDPE) with different amounts

of GNPs at 10 MPa applied stress

for (a) axial and (b) lateral

direction due to Poisson's effect.

Symbols represent experimental

data points; lines represent

modeling of VP strain [Color

figure can be viewed at

wileyonlinelibrary.com]

TABLE 4 VP parameters in axial

and lateral directions for high-density

polyethylene (HDPE) with different

amounts of graphene

nanoplatelets (GNP)

Material

Axial Lateral

m M CVP, % m m CVP, %

HDPE+0%GNP 0.13 25 3.29�10−4 0.11 19 30.5�10−4

HDPE+2%GNP 0.12 30 1.29�10−4 0.09 36 1.54�10−4

HDPE+6%GNP 0.12 23 6.4�10−4 0.09 28 7.41�10−4

HDPE+15%GNP 0.13 23 2.47�10−4 0.115 25 2.13�10−4

AL-MAQDASI ET AL. 11 of 15

137

http://wileyonlinelibrary.com


the experiment with different applied times. It should be
noted that smaller offsets of this trend could be observed
at higher stress levels and lateral strain (Figure 10).
Samples of HDPE and its nanocomposites have very
smooth surfaces, and it is challenging to adhere to other
surfaces, which makes it problematic to assure proper
contact of strain gages for accurate lateral strain reading
at higher stress levels. Employing a digital image correla-
tion for lateral strain measurements would be a solution
to overcome this problem. Overall, the same trend could
be observed with all the materials and all stress levels,
but only data for stress level of 15 MPa are presented here
for the sake of the space. Graphs from other applied
creep stresses could be found in the supporting informa-
tion in Figures S4 through S7.

Comparison between different stress levels of pure VE
strain and creep compliances for HDPE+15 wt% GNP are
shown in Figure 11. It can be observed that with the
increase of applied creep stress, the VE strain curves are
steeper and with much higher values. The data of creep
compliances indicate that even at very low stress of 10 MPa,
the material is nonlinearly viscoelastic (a general trend for
all studied materials), thus modeling of viscoelasticity for
such materials must be performed with nonlinear VE
models, for example, Schapery type of model.43–45 Modeling
the viscoelasticity would allow extracting additional param-
eters describing the VE response of materials with time and
stress. Combined with the VP parameters, total behavior of
a material can then be predicted at any complex loading
profile.

FIGURE 10 Development of pure VE strain (a) and creep compliance (b) with time for HDPE +2 wt% GNP for different loading

durations at 15 MPa applied stress level in the axial direction and the lateral response as a result of Poisson's effect [Color figure can be

viewed at wileyonlinelibrary.com]

FIGURE 9 Development of VP strain with respect to stress at different loading profiles (left). Thin trendlines represent the VP strains

from creep test and thick ones belong to the loading-unloading-recovery test, and prediction of VP strains for times longer than those used in

the test (right). T/t* = 40,000 is slightly below 10 years [Color figure can be viewed at wileyonlinelibrary.com]
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Comparison of different materials shows a similar
trend to viscoplasticity, as shown in Figure 12, where
pure VE strain and creep compliances at 10 MPa are
shown. HDPE with 15 wt% GNP shows more than 60%
lower amounts of VE strain than pure HDPE in the axial
and the lateral direction. Follows is HDPE+6%GNP and
HDPE with 2 wt% GNP with axial strain reduction of
�27% and 2.5%, respectively. This trend is directly related
to the amount of the added nanoplatelets by the stiffen-
ing effect and the reduced amount of polymer chains to
be stretched. For particular applied stress, the sample
with the maximum amount of GNPs reaches the stable
strain faster and likewise recovers it. The other

combinations show a tendency to further stretch at the
end of the loading time.

5 | CONCLUSIONS

Time-dependent properties were investigated on
nanocomposites manufactured from commercial mate-
rials in the form of masterbatch and using an industrial-
relevant process. The selected form of material and
processing method resulted in scalable composites with
good distribution and dispersion of the nanoparticles
without handling hazardous dry nanoparticles.

FIGURE 11 Development of pure VE strain (a) and creep compliance (b) for HDPE +15 wt% GNP at different applied stresses at

60 min loading duration in the axial direction and the response in the lateral direction as a result of Poisson's effect [Color figure can be

viewed at wileyonlinelibrary.com]

FIGURE 12 Pure VE strain (a) and creep compliances (b) for HDPE with different GNP content at 10 MPa applied stress in the axial

direction and lateral response due to Poisson's effect [Color figure can be viewed at wileyonlinelibrary.com]
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Two tests with different loading profiles were per-
formed on HDPE doped with various GNP amounts to
characterize their viscoplastic properties and evaluate the
effect of nano-reinforcement on viscoplasticity parame-
ters, where results showed an explicit dependency on the
loading history and the recovery time. The addition of
GNPs resulted in a significant improvement in the creep
resistance of the polymer by restricting the mobility and
deformation of the molecular chains, especially at high
GNP loadings (at 15 wt% GNP), where the creep strains
were reduced by more than 50% at all stress levels in the
axial direction and about 40% in their lateral response.
Results from both tests were consistent and supported by
morphological observations.

The behavior of materials was reproduced with high
accuracy using the Zapas model. This model was later
applied to predict the VP strain development at times sig-
nificantly longer than that used in the test. The viscoelas-
tic/viscoplastic strain components were separated and
analyzed. It was evident that the nanocomposites exhibit
a nonlinear elastic and viscoelastic response even at low
applied stresses. According to that, suitable approaches
have been proposed to model their response. Analysis of
stiffness evolution with applied stress indicated that
stress of 17 MPa is a critical value. After this stress level,
the accumulated damage and filler-filler interactions
result in the degradation of the mechanical response.

The used approach of gathering modeling parameters
of viscoplastic and viscoelastic response, together with
evaluating critical stress level, provide valuable informa-
tion for material selection during design of polymer parts
for applications where time-dependent properties are
essential.
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Time-dependent Properties of Graphene Nanoplatelets Reinforced High-density 

Polyethylene  

Zainab Al-Maqdasi*, Liva Pupure, Guan Gong, Nazanin Emami, and Roberts Joffe 

 

 

Figure S 1. Nonlinear behavior of neat polymer at low levels of tensile stress. The intercept of the two 

lines represents the yield point at 0.2% offset strain. 

 

 

Figure S 2. Modulus evolution with respect to applied strains where the line indicates the apparent 

start of stiffness degradation just above 3% strain level.  
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Figure S 3. Viscoplastic strain development with time for the neat polymer and its nanocomposites in 

axial (left) and lateral directions at all stress levels 
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Figure S 4. Pure axial viscoelastic (VE) strains for all materials used in the study compared at all stress 

levels. 

144

Supporting Information



 

Figure S 5. Pure lateral viscoelastic strains of all materials used in the study compared at different 

stress levels. Note that the curves at higher stress levels are deviating from the expected tends due to 

failure of strain gauges at these stresses.  
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Figure S 6. Creep compliance curves in axial direction at different stress levels for all samples tested 

in the study. 
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Figure S 7. Creep compliance curves in lateral direction at different stress levels for all samples tested 

in the study. Note that the curves at higher stress levels might be misleading due to possible failure of 

strain gauges at higher stress levels.  
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Abstract  

The effect of Graphene nanoplatelets (GNP) on the long-term performance of wood fiber/HDPE 

composite is investigated by using short-term creep tests with an efficient, faster data analysis 

approach. Previously, it was shown that the addition of GNPs at 15wt% into HDPE reduces the 

viscoplastic (VP) strain developed during 2h creep by ~50%. The current study shows that 

25wt% and 40wt% wood content in HDPE reduce the VP strains developed during 2h creep 

time by >75% with no noticeable effect of the increased wood content. However, further 

addition of GNPs results in more than 90% total reduction in the VP strains. The current study 

shows that the development of the VP strains in the hybrid composites follows Zapas model. 

Viscoelastic (VE) response of these composites is nonlinear and thus is described by Schapery’s 

model. Parameters for VP and VE models are obtained from the creep experiments and were 

validated in a separate loading-unloading test sequence. Results show a very good agreement 

between experiments and predictions for the studied materials as long as the micro-damage is 

not present. 

Keywords: Multi-scale composites, time-dependent properties, wood fibers, graphene 

nanoplatelets, viscoelasticity, viscoplasticity, creep 

 

1. Introduction 

For a long time, wood polymer composites (WPCs) have been the material of choice in many 

applications ranging from construction to common consumer goods. They possess desirable 

properties such as being lightweight, offering ease of formability, and for the low cost of the 

constituents. Conversely, the hydrophilic nature of wood and the low durability of WPCs 
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disqualify them for long-term use, especially in load-bearing applications. Both wood fibers 

(WF) and polymers are VE materials, thus WPC also possesses VE characteristics in their 

properties with a large dependence on time, temperature, humidity, and load. Under constant 

load, the material tends to creep and deform, and depending on the conditions, this deformation 

can become permanent leading to progressive damage and eventually to a catastrophic failure.  

It has been demonstrated that the nonlinear behavior of polymer composites reinforced with 

natural fibers is mostly due to nonlinear viscoelasticity.[1–5] Research has been conducted to 

study and characterize this behavior together with investigating ways to reduce or delay 

damage.[6] Increasing the filler/fiber content is found to have an inverse relation to the creep 

strains.[7] The larger the concentration of the filler in the matrix, the lower the development of 

creep strains and the longer the service life. The addition of modifiers to improve the adhesion 

between fibers and matrix is another way through which the creep resistance has been 

improved.[8] Better compatibility between the matrix and the reinforcement leads to a more 

efficient interface and improved load transfer reducing the time-dependent deformation. Many 

factors play an important role in the creep response of WPC such as the type of polymer, the 

degree of crystallinity, the type of reinforcement and the compatibility of the constituents, etc.[6]  

The addition of nano-reinforcements has been realized as a route to improve the general 

properties of the WPC.[9–12] They have also been reported to have a significant effect on the 

time-dependent performance of a variety of polymers[13–16] and advanced polymer composites 

of carbon and glass fibers.[17,18] However, to the best of the authors’ knowledge, no studies have 

been performed to characterize the extent to which these additives can affect the time-dependent 

performance of WPCs, or to separate their effect on the VP and VE behavior. The effect of 

interaction between the WF and the nanoparticles to alter the time-dependent response is still 

unclear, especially at high reinforcing content.  

Due to the impracticality to obtain experimental data for long-term performance, a common 

practice is to perform a short-term test and describe the captured material behavior with models 

to predict the longer durations or the different test conditions. Most of the available models for 

VE are simplistic in nature and are typically used to describe the performance of the material 

in the linear VE region only (i.e. under stresses below 50% of the ultimate tensile stress for the 

majority of materials that exhibit linear and nonlinear response[6]). In order to extend the 

understanding of performance beyond this region, and cover the materials that do not show 

linear VE response, more generalized models have been developed. These models are adopted 

based on the principles of thermodynamics where functions are added describing the nonlinear 

material behavior with respect to applied stress, temperature, etc. Models proposed by 

Findley[19] and Schapery[20] and the following modifications[21,22] are examples of this type of 

analysis approach.  

In the current research, experiments performed to analyze the VE and VP behavior of WPC 

modified with GNPs are presented. The efficiency and effects of the single type of nano- or 

micro-scale reinforcement as well as the synergistic effects of the combination of these two are 

investigated. An analysis approach presented in[20,23] and used in[5,14,24] has been used to separate 

the VE and VP responses and to allow studying the effect of the reinforcement on these 
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behaviors individually. Validation of the employed approach is done by comparison of loading-

unloading test results with predictions using parameters extracted from short-term creep tests. 

The results generated in this type of analysis are of extreme importance as they offer a deeper 

understanding of the behavior of an emerging class of material. Such information can also 

enrich the database proposed in[25] to correct the criteria of material selection based on long-

term performance rather than static properties.  

2. Experimental 

2.1. Materials 

High-density polyethylene (HDPE, MG9647S) is supplied by Borealis AG in a pellet form 

having a density of 0.964 g/cm3. A masterbatch of graphene in HDPE (heXo HDPE1-V20/35) 

is purchased from NanoXPLOre having 35 wt% GNPs. According to the manufacturer’s 

technical data sheet,[26] the graphene platelets in the masterbatch have an average of 40 layers 

of graphene sheets with a thickness of 20 nm and a lateral dimension of 50 µm. The graphene 

platelets are functionalized at the edges to enhance compatibility with the polymer. WF from 

Scandinavian Wood Fiber AB is a sawdust of spruce and pinewood with 75% of its particles in 

the size range 200–400 µm (based on the manufacturer’s description and the confirmed 

measurement in suppl. materials in[9]). Maleic anhydride-grafted high-density polyethylene 

(MAPE), E265, provided by DuPont, is used as a compatibilizer. The masterbatch was used as 

received without any modifications or characterizations to the nanoplatelets.  

2.2.  Methods  

The composites are manufactured by melt blending process in a co-rotating twin-screw extruder 

followed by compression molding. The extruder was run with zone temperatures of 180 °C - 

200 °C and a rotation speed of 300 rpm. To achieve a better dispersion, WPC was extruded for 

another round with 120 rpm[9]. Examination of the quality and distribution of the reinforcement 

is presented in the supporting information through scanning electron microscope (SEM) images 

of test-fracture surfaces of the samples. The formulations, constituents, and sample notations 

of the composites used for this study are listed in Table 1.  The composite samples are named 

adapting the following notations XWPCY where X refers to the content of WF in the 

composites (in wt%) and Y represents the fraction of the nanoparticles (when present) in the 

composite (also in wt%), while WPC stands for wood polymer composite. For comparison, 

properties of the neat polymer and other nanocomposites analyzed in previous work are also 

presented when needed (full set of results are available in[14]). Specimens with dimensions 200 

mm in length, 15 mm in width, and 4 mm in nominal thickness were cut by waterjet followed 

by thorough drying for 8 hours at 80°C before testing.  

Instron 3366 universal tester equipped with 10 kN load cell and pneumatic grips was utilized 

for the test in a displacement control mode on 100 mm gauge length of the specimen. Strains 

were measured using a clip-on extensometer (Instron 2620-601) having a base of 50 mm placed 
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at the center of the specimen. A detailed description of the different tests employed in this study 

is provided in the following sections.  

Table 1. Sample Notation and Material Composition 

Sample notation HDPE (wt %) GNP (wt %) WF (wt %) MAPE (wt %) 

HDPE 100 0 0 0 

25WPC 74 0 25 1 

40WPC 58.5 0 40 1.5 

25WPC10 63.9 9.6 25 1.5 

40WPC7.5 50.9 7.6 40 1.5 

 

Short-term creep tests were performed on a single specimen of each material formulation.  

One creep test consists of multiple loading ramps at a rate of 3.5 mm/min (based on 

extensometer) to specific stress for increasing time intervals interrupted by strain recovery steps 

following the procedure described in[9,13] as shown in Figure 1a). Specimens were loaded to 

the predefined stress, held at that stress for a time t1 where creep strain is observed, then 

unloaded to almost zero load level (4N) to recover the reversible strains and held at that load 

for a time 8t1. The load was not set to 0N due to the technical limitation of the machine. 

However, 4N equals to a very small stress value that is considered ineffective in preventing the 

full recovery of reversible strains. Creep loading intervals (Δt1, Δt2, Δt3, Δt4) of 10, 20, 30, and 

60 min were used in one test amounting to a total of 2 hours. These intervals were used to obtain 

VP strain dependence on time. The dependence on stress is obtained by loading the specimen 

to higher stresses for the same time intervals. A minimum of 3 stress levels are needed on each 

material formulation to obtain the VP parameters. Any unrecovered strains at the end of each 

recovery step are attributed to permanent deformation (VP strains) and were subtracted from 

the subsequent strains for the analysis of viscoelasticity. In fact, the presence of damage in form 

of fiber debond or matrix cracking could also contribute to the permanent deformations and 

increase the permanent Irreversible strain (IR-strain). Whether the damage is interfering with 

VP strains or not is not fully established at this point and will be discussed further in the article. 

In the following, when only VP strains are discussed independently from damage, they are 

referred to as such (VP strains), otherwise, they are referred to as IR-strains.  

Cyclic loading-unloading-recovery ramps (further referred to as cyclic loading test) were 

applied to investigate the development of damage and its effect on the material response. The 

test was designed to load the specimen in multiple successive cycles with incremental strains 

(see Figure 1b)). Each cycle consists of loading the specimen to a specific strain with a constant 

crosshead speed of 2 mm/min, unloading it to 5N, and waiting for the specimen to recover the 

reversible strains. The time of recovery was ×4 the time required for the loading and unloading 

ramps. After each straining cycle, the stiffness of the material was measured by introducing an 

additional step where the specimen is loaded to 0.2% strain, unloaded, and left to recover. The 

modulus was then calculated from the slope of the unloading part of the stress-strain curve in 

the low stress region between 0.05 to 0.15% strain. Any unrecovered strains at the end of the 
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recovery time were considered irreversible. Damage development was assessed by normalizing 

the stiffness after each maximum loading to the initial stiffness of the material i.e., E(σmax)/E0.  

 

  
             (a)                                                       (b)  

Figure 1. Schematic representation of loading ramps. (a) Creep test; (b) Cyclic loading test. 

The small peaks correspond to the 0.2% strain step for the modulus calculation, and the larger 

peaks are the loading ramps, which were stepwise increased from 0.4 to 6%.  

 

3. Results and Discussions 

3.1. Cyclic Loading Test 

Figure 2a) shows the time-dependent response of the WPC at different loading steps. The 

response appears in a form of hysteresis loops where the unloading curves follow different paths 

than those of the loading but approaches the original point after sufficient recovery time has 

passed. Any unrecoverable strains after that time are removed during data redaction and the 

offset stress-strains curves are plotted for each subsequent step. Upon the next loading step, the 

path and slope of the curves are identical to the previous steps at the low-stress regions. At 

regions of higher stresses, the curves slightly shift downwards indicating degradation in 

stiffness due to the introduction of damage. An enlarged part of the curves showing the initial 

slopes corresponding to the stiffness is presented in the supporting information document.  

Figure 2b) shows the hysteresis loops of the studied material systems as they are being loaded 

to around 20 MPa. With the addition and increase of the fraction of reinforcements, the curves 

are shifting upwards with a decrease in the size (area) of the loop and a reduction in the 

deformation strains. This is an indication of the increased stiffness and the increased ability of 

the material to store energy. In other words, the addition of the stiff particles increased the 

fraction of the material that contributes to the elastic response compared to that of viscous 

response (typically from the amorphous part of the polymer) that tends to dissipate the energy 

as it flows at the same applied stress. Utilizing the change in slope of hysteresis loops, finding 
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the modulus after each applied stress/strain would give an idea about the state of damage in the 

material subjected to a certain load level. This is depicted in Figure 2c) and Figure 2d) where 

the ratio between modulus at damaged state (increased stress or strain) to the initial modulus is 

plotted against applied stress and strain. These data will be used in the evaluation of VP strain 

limits in the upcoming discussion. Observation of the normalized moduli with respect to the 

applied stress/strain shows that all materials share a general trend. No change or slight steady 

decrease of modulus up to a certain level of the load was observed, followed by a significant 

stiffness drop until failure occurs. A decrease in stiffness of about 8% (for 25WPC) and 13% 

(for 40WPC) is observed at failure.  With the increase in the amount of the reinforcement the 

material gets stiffer but also more brittle which leads the material to fail at lower strains. For 

example, the sample 40WPC7.5 is heavily reinforced and sustains very high loads but, at the 

same time, the probability for damage initiation increases significantly especially at the 

polymer-reinforcement interfaces. Moreover, the damage may develop in a more severe way 

than other materials until a critical defect size is reached that causes ultimate failure. For all the 

formulations studied, the noticeable stiffness degradation indicated by this test occurs at stresses 

higher than 15-17.5 MPa which suggests that below these stress levels, all IR-strains could be 

attributed to the viscoplastic deformation. Beyond these stress values, a possible interaction 

between damage and VP strains could occur.  

The development of IR-strains as a result of the max applied stress is shown in Figure 3, where 

the materials show a trend of reduced IR-strains with increased amounts of reinforcement and 

that the lowest IR-strains occur for sample 40WPC7.5. Once again, the materials show a rapid 

increase in the permanent deformation around the 20 MPa applied stress due to the expected 

interaction between the damage and plastic deformation of the polymer chains. As the applied 

stress increases, WF contributes more efficiently to reducing these IR-strains (in sample 

40WPC) compared to the higher or equivalent efficiency of the nanoparticles at lower stress 

levels (sample 25WPC10). Even though these two materials have different loading histories in 

the experiments, the trend has been validated by simulations as well (see the supporting 

information document).  

 

 

(a)         (b) 
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     (c)        (d) 

Figure 2. The hysteresis loops showing the time-dependent response of: (a) sample 25WPC at 

different strain levels; (b) the different materials around the same stress level; (c and d) the 

evolution of stiffness of materials with the applied max stress and strain, respectively.  

 

Figure 3. IR-strains as a result of the maximum applied stress in the cyclic loading test. 

 

3.2.  Short-term Creep Tests 

Representative creep strain responses for 60 minutes loading at 10 MPa and 15 MPa creep stress 

are shown in Figure 4a) and Figure 4b), respectively for the different studied formulations. It 

can be seen that all components of the strain response are affected by the addition of the 

reinforcement. The instantaneous strain is much lower for the 40WPC7.5 which is the result of 

higher stiffness of the sample. It was reduced from around 0.5% for the 25WPC to about 0.2% 

for 40WPC7.5 – more than 50% reduction. The maximum creep strain has been significantly 

reduced at the increase of the reinforcements, going from 1% to 0.4% for the same two 
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mentioned formulations. The rate of development of the strain is also different going into a 

slower rate at both primary as well as secondary creep stages. A more pronounced reduction is 

noticed at the steady-state increase at the secondary stage of creep where 40WPC7.5 shows the 

slowest development of creep strains and the largest recovered strains in the recovery part.  

It is worth noting that samples 25WPC10 and 40WPC show similar responses at 10MPa creep 

test, but they slightly differ at the 15 MPa. On the other hand, the addition of the extra 7.5wt% 

of GNP to the 40WPC results in a total strain reduction of ~62% (compared to sample 25WPC). 

This observation is similar to what has been introduced in the previous section. This implies 

that for small loads, increasing the amount of micro-reinforcement might have the same effect 

as the addition of the nanoparticles. However, there is a practical and technical limit for the 

maximum content of fibers (typically 20-30% for short natural fibers[27]) that can be added to 

the polymer while still being wetted and processed properly. After this value, mechanical 

properties show significant degradation and further improvement of the properties might only 

be possible by the addition of the nano-reinforcement.  

For the same loading history, the addition of nanoparticles to WPC results in a significant 

decrease in the IR-strains compared to the WPC. The accumulated IR-strains in 25WPC at the 

end of the test were 0.57% (after loading to 7.5 MPa →10 MPa) which was reduced to 0.28% 

(a reduction of 50.3%) with the addition of 10 wt% GNPs. Similarly, the IR-strain was reduced 

by 60% at the addition of the 7.5 wt% GNP to the 40WPC sample (reduced from 1.58% to 

0.63%) after loading to (10 MPa →15 MPa →17.5 MPa →20 MPa). Compared to previously 

tested neat HDPE,[14] the reduction is even higher both in creep strains and IR-strains due to the 

synergistic effect of the two types of reinforcements surpassing the effect of either of them 

present individually as can be seen in Figure 4c) and Figure 4d).  

 

  
    (a)               (b) 
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(c)             (d) 

Figure 4. The strain response as a function of time for 60 minutes creep cycle at constant creep 

stress of (a) 10 MPa, (b)15 MPa. Creep strains (c) and accumulated IR-strains (d) with % change 

at the addition of reinforcement compared to the neat polymer at 10 and 15 MPa stress levels.  

The development of IR-strains at the end of 2 hours creep test as a function of the applied creep 

stress is presented in Figure 5. Compared to the IR-strains from the cyclic loading test, the 

materials show the same trend with much higher values at comparable stresses due to the effect 

of different loading histories.  

 

 

Figure 5. IR-strains as a result of the applied creep stress. 

The creep rupture of materials occurs at the third stage of creep (tertiary creep). It can be seen 

from Figure 6a) that only samples with 25 wt% WF (i.e., 25WPC and 25WPC10) have 

demonstrated that type of failure while the other formulations exhibited sudden brittle failure. 

Possibly, the advanced state of damage reached for highly reinforced composite could be one 

reason why failure occurs catastrophically with a sudden release of energy in contrast to the 

typical rapid progressive failure in creep.  Moreover, it can be inferred that the small amount of 

polymer between the reinforcements is highly stressed and constrained which prevents it from 
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deforming. This will result in suppressing matrix plasticity and promoting other modes of 

failure such as cracking and debonding at multiple sites that could eventually connect forming 

one larger crack of a critical size causing the material fracture. This is also evident by the 

reduced intensity of the tertiary creep for sample 25WPC10 compared to 25WPC (circled in 

Figure 6a)).  

The improvement in the time-dependent response of the studied composites is caused by the 

large constrains offered by the rigid particles to the movement of the polymer chains. 

Homogeneously distributed particles modify the properties of the matrix leading to an overall 

improved response. Clusters and agglomerates have a negative impact on the properties 

preventing them from reaching the theoretically calculated reinforcing potential. Those have 

not been spotted often when the fracture surface was examined but could lead to even higher 

improvements if they were completely avoided. For thermoplastic materials produced by 

conventional extrusion, dispersion of the nanoparticles is challenging due to the high viscosity 

of the melt and the need for strong shear forces to properly distribute them, which 

simultaneously can damage the reinforcement or degrade the length of the polymer chains. 

However, incorporating the nanoparticles from a masterbatch in which they are well dispersed 

initially, leads to improved quality of composites and easier hybridization with other types of 

reinforcements. Moreover, the addition of nanoparticles helps increase the chances to further 

modify the composite when the technical limits of micro-sized reinforcement have been 

reached. It has been reported[28,29] that the nanoparticles contribute to the improved interface 

between the fiber and the matrix which subsequently results in an improvement in the macro-

properties of the composites. The effect of the MAPE added in processing the composites is 

also positive as it further strengthens the interface between the different reinforcement and the 

matrix.[30–33] Different mechanisms are responsible for this improvement some of which are 

mechanical, others are chemical, or driven by polarity.[34] The nanoparticles used in this study 

are functionalized at the edges which promote their improved bonding to the functional 

hydroxyl groups at the surface of fibers or those of the compatibilizer, especially since the 

reinforcement percentage is quite high and large amounts of particle end up in the vicinity of 

the fiber surface. 

Figure 6b) depicts IR-strain as a function of creep strain which reveals a power function 

dependency as was previously reported by Starkova et al.[35] on polyolefins nanocomposites. 

This work presented a general formula in the form of a power function relating the creep strains 

(ϵcr) and the IR-strains (ϵIR) by ϵIR=C ϵcr
n. A wide range of materials tested in creep for different 

creep/recovery times followed the same dependency with n ranging between 0.7-2. In the 

current study, the materials show the same dependency where the value of n lies at the higher 

end for all formulations with no clear correlation to the amount or type of reinforcement. 

Obviously, with the increase in the amount of reinforcement, the curves shift to the left and 

downwards, while they progress to the right with the increase in the creep stress and time. This 

information, however, concerns the overall IR-strains independent of whether it comes from 

viscoplasticity or damage which is favorable for the quick assessment of the structural stability 

of the material. On the other hand, stress rather than strain has a direct influencing effect on the 

amount of developed IR-strain. Therefore, in the next sections, a more detailed analysis of the 
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strains is presented and modeled giving a more comprehensive understanding of the material’s 

time-dependent response.   

 

  
                          (a)               (b) 

Figure 6. (a) Failure of the materials at the different ultimate creep stresses. The circles 

highlight the rapid increase in strain prior to failure. Note that the sample 25WPC10 failed 

outside the extensometer gauge length and the curve is obtained from the displacement data 

instead. (b) IR-strain dependence on the maximum strain at creep test of 30 and 60 min 

compared to the trend in the work by Starkova et al. on PP/MWCNT. 

4. Material Modeling  

It is assumed that the strain ε caused by stress ramp 𝜎(𝑡) can be decomposed into VE strain 

(𝜀𝑉𝐸) and VP strain (𝜀𝑉𝑃) as 

 

𝜀(𝜎, 𝑡) = 𝑑(𝜎𝑚𝑎𝑥)𝜀𝑉𝑃(𝜎, 𝑡) + 𝑑(𝜎𝑚𝑎𝑥)𝜀𝑉𝐸(𝜎, 𝑡)      (1) 

 

The linear form of Equation (1) may be considered as the first terms in the series expansion of 

a more complex relationship where the interaction of all possible mechanisms is expected. 

Strains 𝜀𝑉𝐸 and 𝜀𝑉𝑃 in Equation (1) are nonlinear with respect to stress. The damage state which 

evolves with a load and time is characterized by a damage function 𝑑. The simplest assumption 

is that the damage development is an elastic process and hence 𝑑 does not depend explicitly on 

time. Thus, damage function d depends only on the highest (most damaging) stress state 

experienced during the stress ramp. In the uniaxial loading case, which has been considered in 

the current study, it is the highest experienced axial tensile stress, 𝜎𝑚𝑎𝑥, and hence 𝑑 can be 

found in[36] expressed as: 

 

𝑑(𝜎𝑚𝑎𝑥
) =

𝐸0

𝐸(𝜎𝑚𝑎𝑥)
          (2) 
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where 𝐸0 is the initial modulus at the undamaged state and 𝐸(𝜎𝑚𝑎𝑥) is the modulus of the 

damaged material after application of certain stress 𝜎𝑚𝑎𝑥. For the current work, this parameter 

is defined to be 1 (damage is not present) based on the results from the cyclic loading test 

presented in Figure 2 (showing that damage starts at stresses higher than those used for the 

creep test). Therefore, the IR-strains at the end of each recovery period are attributed to only 

𝜀𝑉𝑃. Zapas[37] showed that VP strain development could be described by the function presented 

below: 

 

𝜀𝑉𝑃(𝜎, 𝑡) = 𝐶𝑉𝑃 {∫ (
𝜎(𝜏)

𝜎∗ )
𝑀

𝑑𝜏
𝑡

𝑡∗

0
}

𝑚

        (3) 

 

where 𝐶𝑉𝑃, m and M are fitting parameters, 𝑡∗ and 𝜎∗ are arbitrarily chosen normalization 

constants. For this study, 𝑡∗ is selected to be equal to the total creep time (120 min) at one stress 

level, and 𝜎∗ is selected to be 1 MPa to simplify calculations. Using the single specimen 

approach described in[24], VP strain has been calculated. Due to the previous loading history, 

calculations become slightly more difficult starting from the second loading step. The detailed 

derivation of this methodology can be found in[24]. The equations used for parameter 

identification are presented below – at the first stress level (𝜎0), VP strain has been fitted using 

Equation (4) and at k-th stress level (𝜎𝑘 = 𝑛𝑘 ∙ 𝜎0) the VP strain is fitted using Equation (5) 

 

ln(𝜀𝑉𝑃(𝑛1, 𝑡)) = ln(𝐶𝑉𝑃 ∙ 𝜎0
𝑚𝑀) + 𝑚 ln (

𝑡

𝑡∗) ,         𝜎 = 𝜎0, 𝑡 ∈ [0, ∆𝑡0]   (4) 

 

ln(𝜀𝑉𝑃(𝑛𝑘, 𝑡)) = ln(𝐶𝑉𝑃 ∙ 𝜎0
𝑚𝑀) + 𝑚 ln (1 + 𝑛2

𝑀 + 𝑛3
𝑀 + ⋯ +

𝑛𝑘
𝑀 𝑡−(𝑘−1)∆𝑡0

𝑡∗ ) ,                                                                𝜎 = 𝑛𝑘𝜎0, 𝑡 ∈ [(𝑘 − 1) ∆𝑡0, 𝑘∆𝑡0] (5) 

 

In Figure 7a), experimental VP strains (represented by symbols) and modeled VP strain using 

Zapas model (represented by solid lines) for specimen 25WPC at different creep stresses are 

presented. All studied materials showed the same trends. The curves for the VP strain 

development for all materials can be found in the supporting information document. It can be 

seen that the IR-strains are increasing with creep time and with increasing applied creep stress. 

The predictions are very accurate for the first creep stresses but at higher stresses, the model 

significantly underestimates the development of VP strains.  
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   (a)               (b)  

Figure 7. Development of IR-strains with time at different stress levels for (a) 25WPC, (b) all 

materials at 10 MPa creep stress. The R2 values next to the fitting lines refer to the correlations 

between the experiment and model.  

The cyclic loading test indicated that the damage develops at stress levels higher than 17.5 MPa, 

thus the IR-strains in creep tests at the end of each recovery period were assumed as pure VP 

strain. However, the high deviation of experimental IR-strains from the VP model at high 

stresses could possibly be caused by the development of damage and its interference with VP 

strains. It is inferred that the different loading scenarios in the two types of the tests might result 

in different damage states especially for materials with high content of reinforcement. Previous 

investigations on hybrid reinforced materials with lower reinforcement content (up to 11%) did 

not show such deviations.[13] This suggests the need to find more reliable means to identify and 

evaluate the damage, where damage can be separated from VP strain to study the interaction 

between damage and the development of VP strains in more detail. A new approach is currently 

examined to advance the modeling procedure followed here and investigate the time effect on 

the development of VP strains. An example of the improved model by the new approach can 

be found in the supporting information and will be discussed in more detail in an upcoming 

publication. This preliminary approach, however, did not apply to all materials in this study and 

needs further investigations. Nevertheless, it was possible to obtain VP parameters for the stress 

levels up to 15 MPa. The obtained VP parameters are presented in Table 2. Data for neat 

polymer from the previous study are also presented for comparison. 

Table 2. VP parameters from Equation (3) 

 M m Cvp 

HDPE 25 0.13 3.29 E-04 

25WPC 21 0.09 2.20 E-03 

40WPC 13 0.22 8.48 E-05 

25WPC10 14 0.18 2.95 E-04 

40WPC7.5 27 0.108 2.77 E-05 
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After VP parameters have been obtained, they can be used to remove VP strains from the total 

creep strains and obtain pure VE strains to perform VE analysis. The methodology for VP strain 

removal presented in[38] has been used. For the first loading steps, the VP is removed using 

Equation (6) and for the steps with previous loading history Equation (7) has been used. 

 

𝜀𝑉𝑃
1 (𝑡) = 𝜀𝑉𝑃

𝑐 (
𝑡

∆𝑡1
)

𝑚
          (6) 

 

𝜀𝑉𝑃
𝑘 (𝑡) = {(𝜀𝑉𝑃

𝑘−1)
1

𝑚 + [(𝜀𝑉𝑃
𝑘 )

1

𝑚 − (𝜀𝑉𝑃
𝑘−1)

1

𝑚]
𝑡−𝑡𝑘−1

𝑡𝑘−𝑡𝑘−1
}

𝑚

      (7) 

 

In Equation (6), the superscript 𝑐 refers to the current step (in this case the first step), and in 

Equation (7) k refers to any kth step preceded by step 𝑘 − 1. The result is the pure VE strains 

which can be separately analyzed. Figure 8a) shows an example of the resulting pure VE strains 

for sample 25WPC at different stress levels together with the obtained creep compliances 

Figure 8b). As can be seen from Figure 8b), the creep compliance shows nonlinear VE with 

respect to stress even at relatively low-stress levels. Linear VE region could not be observed 

for this material as well as all other materials in this study. At higher stress levels materials 

show even dependence on loading time (the individual lines at each stress level set of lines 

refers to a specific creep test time), thus indicating improper removal of VP-strain. This could 

be a result of damage that is developing and not taken into account in the model as was 

mentioned above. The nonlinear VE compliance indicates that analysis and modeling of 

viscoelasticity should be done using nonlinear VE models, e.g.  Schapery’s.[21]  

 

  
       (a)            (b) 

Figure 8. Pure VE strains after subtraction of VP strains (a) and creep compliance curves (b) 

for sample 25WPC. Note that in (a) the horizontal axis is cropped for the initial 10000 seconds 

for better viewing of the recovery part.  
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Schapery’s model for nonlinear VE was modified to account for VP strains and damage. In the 

one-dimensional case, the material model is presented as  

 

𝜀 = 𝑑(𝜎𝑚𝑎𝑥). (𝜀𝑒𝑙 + 𝑔1 ∫ ∆𝑆(𝜓 − 𝜓′)
𝑡

0

𝑑(𝑔2𝜎)

𝑑𝜏
𝑑𝜏)      (8) 

 

In Equation (8) 𝜀𝑒𝑙 represents the initial elastic strain in undamaged material which, generally 

speaking, might be a nonlinear function of stress. The “Reduced time” ψ is introduced as 𝜓 =

∫
𝑑𝑡

𝑎𝜎

𝑡

0
, and consequently 𝜓 = ∫

𝑑𝜏

𝑎𝜎

𝜏

0
. 

Parameters 𝑔1, 𝑔2 and the shift factor 𝑎𝜎 are stress invariant-dependent as well as temperature-

, humidity-, aging- etc. dependent functions. In the current study, the environmental factors 

were kept constant, thus these functions are only stress-dependent. The transient part of the VE 

response is characterized by ΔS(ψ), which according to the theory by Schapery[21] does not 

depend on stress and has a form of Prony series 

 

∆𝑆(𝜓) = ∑ 𝐶𝑖𝑖 (1 − 𝑒𝑥𝑝 (−
𝜓

𝜏𝑖
))        (9) 

 

where 𝐶𝑖 are constants and 𝜏𝑖 are retardation times.  

It is possible to apply the VE material model in Equation (8) to the creep strain and recovery 

strains separately by specifying the time of each ramp where t ∈ [0,t1] is the time for creep and 

t>t1 is the recovery time. The expressions used to model the creep and recovery strains are then 

as in Equation (10) and Equation (11), respectively. The detailed methodology for VE 

parameter and function identification has been presented in[39] 

 

𝜀𝑐𝑟𝑒𝑒𝑝 = 𝜀0 + 𝑔1𝑔2𝜎 ∑ 𝐶𝑖𝑖 (1 − 𝑒𝑥𝑝 (−
𝑡

𝑎𝜎𝜏𝑖
)) + 𝜀𝑉𝑃     (10) 

 

𝜀𝑟𝑒𝑐 = 𝑔2𝜎 ∑ 𝐶𝑖𝑖 (1 − 𝑒𝑥𝑝 (−
𝑡1

𝑎𝜎𝜏𝑖
)) exp (−

𝑡−𝑡1

𝜏𝑖
) + 𝜀𝑉𝑃      (11)  

 

Application of the expressions presented above results in the fitting curves presented in Figure 

9. The model curves fit almost perfectly to the experimental data. The small deviations were 

observed at the higher stress levels as can be seen for sample 25WPC during loading and 

unloading. Curves for all materials showed similar trends and are presented in the 

supplementary material document. Comparison for the loading and unloading response of all 

materials at 10 MPa stress level is presented in Figure 9c and Figure 9d, respectively.  

165



Page 16 of 22 

   

Figure 10 shows the visual presentation of the obtained parameters g1, g2 and 𝑎𝜎  as a function 

of stress for sample 25WPC. The detailed fitting functions for these parameters for the studied 

materials are presented in Table 3 and the Proney Series coefficients in  

Table 4.  

 

 
          (a)                             (b) 

 

 
           (c)                             (d) 

Figure 9. Experimental and modeled VE strains for creep (a, c) and recovery (b, d) for 25WPC 

(a, b) and all materials at 10 MPa creep stress (c, d). 
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Figure 10. Parameters of the nonlinear VE functions 

 

Table 3. Functions of the VE parameters used for fitting VE strains 

Materials 𝒈𝟏 𝒈𝟐 𝒂𝝈 
𝑬 

(GPa) 

25WPC = {
1                                        𝜎 ≤ 7.5

𝑒0.0219(𝜎−7.5)                  𝜎 > 7.5
 = {

1                                𝜎 ≤ 7.5

𝑒0.0898(𝜎−7.5)          𝜎 > 7.5
 = {

1                               𝜎 ≤ 7.5

𝑒−0.031(𝜎−7.5)         𝜎 > 7.5
 2.53 

25WPC10 = {
1                                         𝜎 ≤ 7.5

𝑒0.0158(𝜎−7.5)                   𝜎 > 7.5
 = {

1                                𝜎 ≤ 7.5

𝑒0.0923(𝜎−7.5)           𝜎 > 7.5
 = {

1                                𝜎 ≤ 7.5

𝑒−0.035(𝜎−7.5)          𝜎 > 7.5
 4.21 

40WPC = {
1                                         𝜎 ≤ 10

𝑒0.0075(𝜎−10)                   𝜎 > 10
 = {

1                                𝜎 ≤ 10

𝑒0.09(𝜎−10)               𝜎 > 10
 = {

1                                𝜎 ≤ 10

𝑒−0.015(𝜎−10)           𝜎 > 10
 3.63 

40WPC7.5 = {
1                                        𝜎 ≤ 10
0.0041(𝜎 − 10) + 1     𝜎 > 10

 = {
1                                𝜎 ≤ 10

𝑒0.0538(𝜎−10)           𝜎 > 10
 = 1 4.04 

 

Table 4. Coefficients of Prony series  

 𝝉 10 50 100 500 2000 5000 50000 

25WPC 

𝐶𝑖 

0.00318 0.010885 0.002593 0.015083 0.002483 0.019175 0.020208 

25WPC10 0.001864 0.006338 0.001985 0.007958 0.002166 0.008589 0.00694 

40WPC 0.004869 0.004891 0.003044 0.009648 0.000223 0.014044 0.006363 

40WPC7.5 0.002082 0.003892 0.001567 0.005501 0.000501 0.006853 0.008152 

 

In theory, the parameters obtained from the analysis of viscoplasticity (Table 2), viscoelasticity 

(Table 3 and  

Table 4), and damage obtained from the cyclic loading test can be used in Equation (1) to 

simulate an entire response of the material in this study at any loading profile below 15 MPa 

(where damage is not observed). In order to validate the obtained parameters and models, the 

curves from the cyclic loading test were simulated. Since these tests were performed in a 

displacement control mode (strain is an input), the material model in Equation (1) needs to be 
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re-formulated so that it is a function of strain rather than stress. This formulation is not trivial 

and it has been done in[39], where the model has been written in an inverted-incremental form. 

Derived equations used for the simulations are 

 

𝜀𝑘+1

𝑑
− 𝜀𝑉𝑃

𝑘 = 𝜀0
𝑘+1 + 𝑔1

𝑘+1. Γ         (12) 

 

where, 

Γ = ∑ 𝐶𝑖𝑔2
𝑘+1𝜎𝑘+1

𝑖 − ∑ 𝐶𝑖𝜀𝑖
𝑘𝑒𝑥𝑝 (−

Δ𝜓𝑘

𝜏𝑖
)𝑖 − ∑ 𝐶𝑖𝐷𝑖

𝑘+1
𝑖      (13) 

 

where the parameter functions, 𝑔1, 𝑔2, 𝐶𝑖, and 𝜓 have been introduced earlier and the 

expression D was introduced in [40] relating the VE parameters.  

It was observed that finding a single region for all materials to obtain the elastic modulus is 

impossible, especially for the 25WPC, which exhibited highly non-linear behavior. This could 

be due to nonlinear viscoelasticity, which was observed even at very low stresses (as discussed 

in earlier paragraphs). The region for elastic modulus determination had a high effect on the 

simulation, as it is demonstrated in Figure 11a). It is demonstrated on two simulation curves 

by using modulus obtained from a region close to the origin (near 0% strain) and modulus 

obtained from the strain interval of 0.05% - 0.15% strain. It can be observed that the use of 

region close to 0% strain shows a perfect fit with experimental data, while the use of region at 

higher strains leads to deviation from experimental data. These nuances will be further 

investigated in future papers.  

For consistency reasons, a common region for elasticity was chosen between 0.05% and 0.15% 

of strain. Figure 11b) shows the simulated curves of the stress-strain loops for all materials 

where the stress is around 15 MPa and damage is not present. The other loops are shown in the 

supplementary information, there again deviation is seen at higher stresses where damage is 

expected to initiate. It was also observed that in simulations outside the experimentally 

performed and studied creep tests, the deviations become more notable. This is an indication 

that the extrapolation of parameters outside the experimentally obtained values could lead to 

significant simulation inaccuracies. It is worth noting that all the issues occurring with applying 

the current approach on the highly reinforced materials are the center for a future publication 

dedicated to advancing the modeling procedure and are not within the scope of this particular 

study.  
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      (a)                     (b) 

Figure 11. Simulations of the experimental points below 15 MPa using the parameters obtained 

from the individual of the VE and VP response for 25WPC (a), and for all other materials (b).  

5. Conclusions 

This paper presented the effect on the long-term behavior of reinforcing highly nonlinear 

viscoelastic polymer (HDPE) with two types of reinforcement at different scales. It was 

observed that the nanoparticles contributed to the improvement of creep behavior of composites 

in general, but especially at low-stress levels. At higher stress levels, both nanosized particles 

(GNP) and micron-sized fibers (WF) contribute to the improved material properties. Time-

dependent properties in terms of creep strain and accumulated VP strains have been 

significantly reduced at all amounts of reinforcements. It was shown that mechanical response 

under creep loading increasingly improved with the increased amount of both types of 

reinforcement studied. The incorporation of large amounts of the two reinforcements not only 

reduces the IR-strains but also changes the mode of failure in the composites. Samples with less 

wood and more nanoparticles exhibited higher resistance to creep with a less catastrophic mode 

of failure at higher stresses. This is due to the participation of nanoparticles in mitigating the 

damage initiation at the fiber/matrix interface by sharing larger loads in the matrix. These 

particles significantly restrict the movement of the polymer chains and thus reduce the extensive 

deformations in the matrix leading to improved time-dependent response. Depending on the 

application, exposure to low frequent loads for an extended time might require different 

compositions of the reinforcement compared to exposure to higher loads in a less frequent 

manner.  

It was also demonstrated that it is possible to separate and analyze the different modes of 

material behavior. Viscoelasticity, viscoplasticity, and damage were identified and 

characterized using appropriate models. Both materials - WPC and WPC modified with GNPs 

are shown to follow Zapas model in the development of VP strains. All types of studied 

composites showed highly nonlinear VE response even at low stresses as was proven by the 

creep compliance curves. Using simple short-term creep tests performed on a single specimen, 

it was possible to extract parameters to describe VP and VE. The parameters obtained from 

these analyses have been successfully used to simulate the experimental data of the cyclic 
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loading test. The materials with high amounts of reinforcement might impose the need for 

advancing the modeling approach to cover the specificity of the materials and the interaction 

between damage and VP strains. To date, it is not clear how this interaction happens, and no 

models are available to accurately describe it. A more accurate method for the elastic regions 

for highly nonlinear materials is required to avoid challenges in modeling their behavior. 

Acknowledgment 

The authors would like to acknowledge the financial support from European Union within the 

Nano2Day Project (grant agreement no. 777810). Dr. Guan Gong from RISE is highly 

acknowledged for coordinating the project Smart WPC (within Interreg Nord framework and 

Region Norrbotten projects) from which materials and composites were provided for this study. 

Lena Brunnacker (student of T7009T course at LTU) is accredited for the help in executing the 

creep tests. Finally, the authors express their ultimate gratitude to Professor Janis Varna for his 

valuable input during the discussions on the modeling approach.  

References  

[1] A. Amiri, C. A. Ulven. DURABILITY OF FLAX FIBER BIO-COMPOSITES, in 

Conf. 66th FLAX INSTITUTES United StatesAt, 2016. 

[2] V. Placet, O. Cisse, V. Guicheret-Retel, F. Trivaudey, L. Boubakar. Viscoelastic 

behaviour of single hemp fibre under constant and cyclic humidity environment - 

Experiment and modelling, in ICCM Int. Conf. Compos. Mater., 2015. 

[3] W. S. Lin, A. Pramanick, M. Sain. Sci. Eng. Compos. Mater., 2004, 11, DOI 

10.1515/secm.2004.11.2-3.201. 

[4] M. Arulmurugan, K. Prabu, G. Rajamurugan, A. S. Selvakumar. J. Ind. Text., 2021, 50, 

DOI 10.1177/1528083719852312. 

[5] L. Rozite, J. Varna, R. Joffe, A. Pupurs. J. Thermoplast. Compos. Mater., 2013, 26, 

476–496. 

[6] N. E. Marcovich, M. I. Aranguren. Creep behavior and damage of wood-polymer 

composites, in Wood-Polymer Compos., 2008. 

[7] M. Bengtsson, P. Gatenholm, K. Oksman. Compos. Sci. Technol., 2005, 65, DOI 

10.1016/j.compscitech.2004.12.050. 

[8] A. J. Nuñez, P. C. Sturm, J. M. Kenny, M. I. Aranguren, N. E. Marcovich, M. M. 

Reboredo. J. Appl. Polym. Sci., 2003, 88, DOI 10.1002/app.11738. 

[9] Z. Al-Maqdasi, G. Gong, B. Nyström, N. Emami, R. Joffe. Materials (Basel)., 2020, 

13, 2089. 

[10] S. Sheshmani, A. Ashori, M. Arab Fashapoyeh. Int. J. Biol. Macromol., 2013, 58, 1–6. 

[11] X. Zhang, J. Zhang, R. Wang. Polymers (Basel)., 2019, DOI 10.3390/polym11081365. 

[12] I. Karteri, M. Altun, M. Gunes. J. Mater. Sci. Mater. Electron., 2017, 28, 6704–6711. 

170



Page 21 of 22 

   

[13] H. S. Vadivel, Z. Al-Maqdasi, L. Pupure, R. Joffe, M. Kalin, N. Emami. Polym. Test., 

2022, 105, DOI 10.1016/j.polymertesting.2021.107400. 

[14] Z. Al-Maqdasi, L. Pupure, G. Gong, N. Emami, R. Joffe. J. Appl. Polym. Sci., 2021, 

138, DOI 10.1002/app.50783. 

[15] L.-C. Tang, X. Wang, L.-X. Gong, K. Peng, L. Zhao, Q. Chen, L.-B. Wu, J.-X. Jiang, 

G.-Q. Lai. Compos. Sci. Technol., 2014, 91, 63–70. 

[16] A. Vieira, V. C. Pinto, A. Pinto, F. D. Magalhaes. Int. J. Automot. Compos., 2015, 1, 

244. 

[17] D. G. Papageorgiou, M. Liu, Z. Li, C. Vallés, R. J. Young, I. A. Kinloch. Compos. Sci. 

Technol., 2019, DOI 10.1016/j.compscitech.2019.03.006. 

[18] A. Anand, S. K. Ghosh, R. K. Prusty. Polym. Compos., 2020, 41, DOI 

10.1002/pc.25758. 

[19] W. N. Findley, J. S. Lai, K. Onaran, R. M. Christensen. J. Appl. Mech., 1977, 44, DOI 

10.1115/1.3424077. 

[20] R. A. Schapery. Polym. Eng. Sci., 1969, 9, 295–310. 

[21] Y. C. Lou, R. A. Schapery. J. Compos. Mater., 1971, 5, 208–234. 

[22] L. O. Nordin, J. Varna. Compos. Part A Appl. Sci. Manuf., 2006, 37, 344–355. 

[23] L. Pupure. Non-Linear Model Applied on Composites Exhibiting Inelastic Behavior: 

Development and Validation, Luleå University of Technology, 2015. 

[24] L. Pupure, J. Varna, R. Joffe. Adv. Compos. Lett., 2015, 24, 125–129. 

[25] S. A. Miller, M. D. Lepech, S. L. Billington. J. Biobased Mater. Bioenergy, 2015, 9, 

DOI 10.1166/jbmb.2015.1517273. 

[26] Group NanoXplore. “heXo-G V Product Datasheet,” 2016. 

[27] F. Cruces, M. G. García, N. A. Ochoa. J. Appl. Polym. Sci., 2019, 136, DOI 

10.1002/app.47821. 

[28] A. Pegoretti, H. Mahmood, D. Pedrazzoli, K. Kalaitzidou. Improving fiber/matrix 

interfacial strength through graphene and graphene-oxide nano platelets, in IOP Conf. 

Ser. Mater. Sci. Eng., 2016. 

[29] F. Gauvin, C. Richard, M. Robert. Polym. Compos., 2018, 39, DOI 10.1002/pc.24097. 

[30] J. Chen, Y. Wang, C. Gu, J. Liu, Y. Liu, M. Li, Y. Lu. Materials (Basel)., 2013, 6, 

2483–2496. 

[31] G. Gong, B. Nyström, R. Joffe. Development of polyethylene/nanoclay masterbatch for 

use in wood-plastic composites, in Plast. Rubber Compos., 2013. 

[32] A. Ashori, S. Sheshmani, F. Farhani. Carbohydr. Polym., 2013, 92, 865–871. 

[33] H. Y. Kordkheili, M. Farsi, Z. Rezazadeh. Compos. Part B Eng., 2013, 44, 750–755. 

[34] M. A. Sattar. ChemistrySelect, 2021, 6, 5068–5096. 

171



Page 22 of 22 

   

[35] O. Starkova, K. Aniskevich, J. Sevcenko, O. Bulderberga, A. Aniskevich. J. Appl. 

Polym. Sci., 2021, 138, DOI 10.1002/APP.49957. 

[36] J. Varna. Characterization of viscoelasticity, viscoplasticity and damage in composites, 

in Creep Fatigue Polym. Matrix Compos., 2010. 

[37] L. J. Zapas, J. M. Crissman. Polymer (Guildf)., 1984, 25, 57–62. 

[38] L. Pupure, J. Varna, R. Joffe, A. Pupurs. Mech. Compos. Mater., 2013, 49, DOI 

10.1007/s11029-013-9330-x. 

[39] L. Pupure, J. Varna, R. Joffe. J. Compos. Mater., 2016, 50, 575–587. 

[40] J. Varna, L. Pupure, R. Joffe. Mech. Time-Dependent Mater., 2016, 20, DOI 

10.1007/s11043-016-9311-2. 

 

  

172



Page 1 of 9  Supporting Information 

 

Time-dependent Properties of High-density Polyethylene with 

Wood/Graphene Nanoplatelets Reinforcement 
 

Zainab Al-Maqdasi,1,* Liva Pupure,2 Nazanin Emami,1 and Roberts Joffe1 

 

Z. Al-Maqdasi, Prof. N. Emami, Prof. R. Joffe  

Luleå University of Technology, Porsön, 97187, Luleå, Sweden 

E-mail: zainab.al-maqdasi@ltu.se 

 

Dr. L. Pupure 

Riga Technical University, Kalnciema Iela 6, Rīga, LV-1048, Latvia 

 

Morphology of materials in the study 

 

Figure S 1 shows the fracture surfaces of the specimen after having failed during the creep test. 

the micrographs show a general trend of high energy consumption fracture where the 

topological surfaces indicated that there has been multi-plane fracture and that the damage has 

been distributed widely before reaching critical size for ultimate failure. At the high 

magnification micrographs, the plastic deformation and the fibrillated polymer is visible. Those 

are reduced in the severity at the addition of either of the reinforcements. The dominant failure 

mode is the failure of interface and slippage of the fibers in the samples of wood reinforcement 

(indicated by the arrows on the micrographs). However, the grooves left by the pull out of the 

fibers are not completely smooth which indicates a relatively firm interface where polymer 

protrusions indicate the ductility of the failure. On the other hand, the presence of the 

nanoparticles has resulted in a fracture surface where bare fibers or their grooves are more 

difficult to spot. The fibers even at the failed surface appear completely covered with polymer. 

Nevertheless, there are some agglomerates noticeable in the structure at higher magnifications 

(for example, the one indicated with the dotted arrow) showing the big challenge of the 

dispersibility of the nanoparticles that is yet to be overcome. 

 

  

  
 

 

25WPC 25WPC 
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Figure S 1. Morphology of the creep fracture surfaces at different magnifications 

25WPC10 25WPC10 

40WPC 40WPC 

40WPC7.5 40WPC7.5 

GNP 

agglomerate 
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Additional Cyclic Loading Test Results 

 

 
Figure S 2. An enlarged Portion of the Stress-strain curves presented in the Figure 2 (a) of the 

main article showing the degradation of the stiffness of sample 25WPC at higher strain/stress 

of the cyclic loading test. 

 

Using the VP parameters obtained from the creep test (discussed in the article), the trend of 

reduction of the VP strain was validated to rule out the possibility of difference in loading 

history of the studied formulations on the efficiency of the reinforcement by simulating their 

VP response at a stress level independent from those used in the creep test. results of this 

simulation are presented in Figure S 3. 

 

 
Figure S 3. Irreversible strains predicted by the model parameters at a stress different than those 

used in the test.  
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Additional Short-term Creep Test Results 

 

Figure S 4 shows an example of the modification to the followed approach to correct the 

development of VP strains by taking damage into account. In this case, the stiffness reduction 

for damage indication was calculated from the initial part of the creep loading curves instead 

for the cyclic loading curves and allowed for obtaining pure VP strains (figures to the right). 

However, for the materials with very high stiffness, there is not enough data points to obtain 

the stiffness in a reliable way and this approach did not work then. A modification to the method 

followed here is being investigated for the upcoming article.  

 

  

  
Figure S 4. Development of VP strains with time for two materials investigating a modification 

to including damage in the modeling approach. The graphs show the improved agreement of 

the model with experimental data at higher stresses where damage is expected. 
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Figure S 5. Shows the development of VP strain experimentally (symbols) and modeled by 

Zapas model (lines) for the rest of materials in the study that were not shown in the main article 

for the lack in space.  

 

 

 
Figure S 5. VP strain development with time at the different stress levels of creep test. 
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Figure S 6 shows the creep compliance curves for the materials in the study at the different 

stress levels of creep tests. The curves show that all materials exhibit nonlinear VE response 

even at the very low stress levels. The curves for sample 25WPC are presented in Figure 8b) 

of the main article.  

Figure S 6. Creep compliance curves extracted from analysis of VE strain after subtraction of 

VP strains.  
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Figure S 7 shows the experimental and modeled pure VE strains for the materials in the study 

apart of the sample 25WPC which is presented in the original article. Similar to modeling 

25WPC presented in Figure 9 of the article, the figures show very good agreement between the 

experimental data and the model following Schapery’s model for nonlinear viscoelasticity. 

Deviations from the model are noticed at high stress levels due to the expected presence of 

damage which is not taken into account in the model.  

 

 
Figure S 7. Modeling the VE strains during creep (left) and recovery (right) steps for the 

materials in the study.   
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Parameters of the VE model after fitting the experimental curves are presented in Figure S 8 

for the materials of the study that are not presented in the original article. The fitting functions 

of these parameters are presented in Table 3 in the article.  

 

 

 
Figure S 8. Nonlinear VE parameters extracted from fitting the model to the experimental 

curves of VE strain.   
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The parameters obtained from the earlier analysis of viscoplasticity, and viscoelasticity are used 

to simulate the full response of the materials in the cyclic loading test after reformulating the 

model to the strain increment form. Results of the simulation for the initial loops is presented 

in Figure 11 in the original article and simulations of the full response (dashed line) of all 

materials is presented here in Figure S 9 together with the experimental curves (solid lines).  

 

 
Figure S 9. Simulated curves of the cyclic loading-recovery test using parameters extracted 

from the short-term creep test. Note that only the loading-unloading parts are simulated here. 
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