PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

Nanoindentation of Phase-Specific Elastic Modulus in
Virgin and Recycled HDPE Wood-Plastic Composites
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The structural behavior of natural fiber-reinforced polymer composites
depends largely on the efficiency of stress transfer at the fiber—matrix
interface. However, accurate determination of the interface thickness and
its mechanical properties remains challenging in such materials. This
study aimed to characterize the interface thickness and evaluate the
elastic modulus of composites produced with virgin and recycled high-
density polyethylene (HDPE) matrices. Nanoindentation was employed to
determine the elastic modulus of each composite phase (wood fiber,
interface, and matrix) individually, through sequential indentations
performed across the wood fiber-interface-matrix regions. The mean
elastic modulus values for the wood fiber, interface, and matrix in the 20/80
composite (20% wood fibers and 80% virgin HDPE) were 7.51, 6.17, and
2.26 GPa, respectively. For the recycled HDPE composite, the
corresponding values were 8.16, 5.82, and 1.86 GPa. The mean interface
thickness was 2.5 pym in the virgin-matrix composite and 0.63 pm in the
recycled-matrix composite. These results demonstrate that the recycling
of the polymer matrix influences both the interfacial structure and the local
mechanical performance of natural fiber reinforced composites.
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INTRODUCTION

Wood plastic composites (WPCs) are hybrid materials that combine wood fibers
with polymeric matrices, offering an attractive balance between performance and
sustainability. Their use has expanded in numerous applications due to environmental
benefits such as the incorporation of recycled polymers, reduced deforestation, improved
durability, lower chemical consumption, and decreased carbon emissions. The integration
of natural and synthetic components enhances mechanical performance while promoting
sustainable resource management.

The physical and mechanical properties of WPCs depend primarily on the
interaction between the wood fibers and the polymer matrix. This interaction is influenced
by the chemical nature, morphology, and proportion of each component, as well as by
processing parameters that govern the formation of interfacial bonds (Isaza et al. 2022).
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Key challenges in wood—plastic composites arise from the intrinsic incompatibility
between hydrophilic lignocellulosic fibers and hydrophobic polyolefins. This mismatch
results in weak interfacial adhesion, poor stress transfer, fiber pull-out, and suboptimal
mechanical performance (Stark and Rowlands 2003). Compatibilizers such as maleated
polyethylene (MAPE) are therefore widely employed to enhance the interfacial bonding
between the polymer matrix and wood fibers. MAPE contains maleic anhydride groups
capable of reacting with hydroxyl functionalities on the fiber surface, forming ester
linkages or strong hydrogen-bonding interactions, while its polyethylene backbone remains
miscible with the HDPE matrix. This dual affinity improves wetting, reduces interfacial
voids, increases load-transfer efficiency, and leads to higher stiffness and strength at the
composite scale (Beg and Pickering 2008). Moreover, improved interfacial adhesion can
strongly influence local mechanical properties, making MAPE particularly relevant when
evaluating the interphase by nanoindentation, where subtle changes in stiffness and
deformation behavior can be directly measured at the micrometer scale (Eder et al. 2013).

In parallel with the increasing use of wood—plastic composites, the recycling of
commodity polyolefins such as high-density polyethylene (HDPE) has become a key
strategy to reduce the environmental footprint of these materials. Post-industrial and post-
consumer HDPE streams are increasingly incorporated into new products; however,
repeated extrusion and thermo-mechanical processing promote chain scission and
oxidative degradation, resulting in reductions in molecular weight and crystallinity, slight
decreases in melting temperature, and marked changes in melt flow index and rheological
behavior (Cestari ef al. 2014; Dou and Rodrigue 2021; Vidakis ef al. 2021; Langwieser et
al. 2022; Zhang and Rodrigue 2023). These microstructural and rheological modifications
may compromise stiffness and strength of recycled HDPE, even though they often enhance
processability. In wood fiber—reinforced composites, the use of recycled matrices has
resulted in mixed outcomes, with mechanical performance strongly dependent on the origin
and degradation history of the polymer, its blending ratio with virgin resin, and the
presence of coupling agents (Olakanmi and Strydom 2016; Isaza ef al. 2022; Ayana et al.
2024). While several studies have addressed the macroscopic behavior of wood—plastic
composites containing recycled polyolefins, detailed nanomechanical information on how
matrix recycling alters the fiber—matrix interphase remains scarce. This gap motivates the
present work, which focuses on directly probing the interface in wood fiber-reinforced
composites prepared with virgin and recycled HDPE matrices by nanoindentation.

In fiber-reinforced polymer composites, the interface constitutes a narrow, three-
dimensional region between the fiber and matrix where mechanical, physical, and chemical
interactions occur. Its structure and properties differ from those of the adjacent phases
(Jesson and Watts 2012; Kabir ef al. 2012; Olakanmi and Strydom 2016; Huang et al. 2021;
Ayana et al. 2024). The interface can be regarded as a third phase, with a thickness ranging
from a few nanometers to several micrometers depending on the materials and processing
conditions (Kim et al. 2001; Cech et al. 2013; Islam and Sharif 2015; Le Moigne et al.
2018). This size is influenced by multiple factors related to the materials and manufacturing
processes and plays a crucial role in the overall performance of the composite material
(Nair et al. 2010; Charleston et al. 2020; Guo et al. 2020). The performance of the interface
directly affects the stress transfer and distribution, as well as the micromechanical
properties between the fiber and the matrix in fiber-reinforced composites, thereby
influencing the macromechanical behavior of the material (Zhang et al. 2012; Zhu et al.
2022). As a result, the structure of the interface in fiber-reinforced composites has gained
importance in current studies. The internal mechanical interface, along with associated
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failure mechanisms, is considered a critical factor and continues to be a focus of research
in materials science (Lu and Youngblood 2015; Dhieb et al. 2016; Xu et al. 2016; He et al.
2020).

The presence of interfaces and their properties play a critical role in composite
materials properties and have been extensively validated through studies on fiber-
reinforced polymer composites employing synthetic glass and carbon fibers (Gao and
Maider 2002; Cross et al. 2005; Molazemhosseini et al. 2013; Cicala et al. 2017; Enrique
et al. 2019; Huang et al. 2021). The surface morphology and chemical composition of
natural fibers exhibit substantial heterogeneity and variability, which significantly
complicate the interfacial interactions between natural fibers and the polymer matrix. This
inherent complexity poses challenges in accurately characterizing and quantifying these
interfaces (Islam and Sharif 2015; Zhu et al. 2020). Despite the existing body of research
on interfaces in thermoplastic matrices reinforced with natural fibers, a pronounced gap
remains in studies focusing on the precise measurement and characterization of interfacial
properties in natural fiber-reinforced polymer composite systems (VanLandingham et al.
2001; Han et al. 2014).

Direct measurement technologies for interface characterization can be divided into
two categories based on their underlying principles and the degree of material disruption:
destructive and non-destructive methods (Zhu et al. 2020). Non-destructive methods
include scanning electron microscopy (SEM), atomic force microscopy (AFM), Fourier
transform infrared spectroscopy (FTIR), and X-ray photoelectron spectroscopy (XPS).
These advanced techniques provide high-resolution images that facilitate the precise
identification of interface boundaries between wood and plastic. However, these
techniques are generally limited in their ability to directly quantify nanomechanical
properties within the interphase region.

Beyond conventional AFM imaging, recent advances in AFM-based
nanomechanical mapping, particularly Peak Force Quantitative Nanomechanical Mapping
(PF-QNM), have enabled non-destructive, high-resolution quantification of local
mechanical properties at the nanoscale. PF-QNM operates by acquiring force distance
curves at each pixel, allowing quantitative extraction of modulus, adhesion, deformation,
and energy dissipation with spatial resolutions below 10 nm. This approach has been
successfully applied to characterize the nanomechanical behavior of plant fiber cell walls,
such as flax fibers (Arnould et al. 2017), as well as to map interphase regions in carbon
fiber-reinforced polymer composites (Qi ez al. 2019). Despite these advantages, PF-QNM
measurements are inherently surface-sensitive and strongly influenced by tip calibration,
indentation depth limitations, and substrate effects, which may complicate the
interpretation of subsurface or bulk interphase properties. In contrast, instrumented
nanoindentation enables depth-controlled probing of localized regions under well-defined
loading conditions, allowing the evaluation of nanomechanical properties across fiber,
interphase, and matrix regions with greater penetration depth. Accordingly, PF-QNM and
nanoindentation should be regarded as complementary techniques rather than competing
approaches. In the present study, nanoindentation was selected to characterize the
nanomechanical response and thickness of the wood fiber—HDPE interphase, providing
depth-resolved mechanical information that complements surface-based AFM techniques.

A technique capable of measuring these properties at the nanometric level is
nanoindentation, which is established as a powerful method for mapping and measuring
mechanical properties on a nanoscale. It provides detailed information about the hardness
and elastic modulus of materials at highly localized levels (Ayana ef al. 2024). Variations
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in mechanical properties can help define the presence and extent of the interface, enabling
a deeper understanding of how interface modifications and treatments of individual
components influence the overall properties of the composite.

Nanoindentation is a highly effective technique for quantifying mechanical
properties at the nanometric scale, making it an indispensable tool for mapping and
characterizing material behavior at highly localized levels (Oliver and Pharr 1992;
VanLandingham et al. 2001; Gindl et al. 2006; Lee et al. 2007; Tze et al. 2007; Xing et al.
2009; Wu et al. 2010; Zhang et al. 2012; Zare et al. 2025). However, research on the
interfacial properties of lignocellulosic polymer composites using this technique remains
limited (Zhou 2018).

Lee et al. (2007) and Nair et al. (2013) obtained high-resolution images of the
elastic modulus distribution within the interface of lyocell fiber/polypropylene composites
and, for the first time, identified a small transition region distinct from the reinforced phase
and the matrix phase. Additionally, they observed a strong positive correlation between the
thickness of this transition region and the macroscopic tensile mechanical properties of the
composites. Similarly, Zhu et al. (2020) emphasized that despite the small size of the
interface phase between plant fibers and thermoplastic polymers, it plays a critical role in
influencing the macroscopic mechanical performance of the composite.

Quantitative mechanical measurements of interfaces with a thickness below 1 pm
are rarely reported in the literature. In this context, Lee et al. (2007) evaluated the interface
properties of a polypropylene composite reinforced with natural fibers using
nanoindentation and finite element analysis. Although they were unable to directly measure
the interfacial layer, their results suggested that its thickness was less than 1 um.

The limited availability of quantitative data on the mechanical properties of the
interface represents a significant barrier to the advancement of natural fiber-reinforced
polymer composites. The inherent incompatibility between the hydrophilic natural fiber
and the hydrophobic polymer matrix results in the formation of a weak and narrow
interface, which adversely affects the composite’s performance (Lee ef al. 2007; Nair et al.
2010; Nair 2012).

The insitu determination of the mechanical properties of composites using
nanoindentation offers a detailed understanding of the interfacial characteristics, enabling
a more comprehensive assessment of the overall material properties and facilitating the
optimized design of wood-plastic composites (Graham et al. 2000; Zhou 2018). The
objective of this study was to nanomechanically characterize composite phases in wood-
plastic composite and accurately determine the thickness and mechanical properties of the
interface using nanoindentation.

EXPERIMENTAL

Materials

Virgin and recycled High-Density Polyethylene (HDPE) in pellet form were used
as the polymer matrix. Both types of HDPE were supplied by Plastic Besalle Ltd.
(Concepcidn, Chile). The recycled HDPE consisted of pellets derived from rejected
residues generated during the company’s plastic bag production process. The material had
undergone three extrusion cycles prior to use. Thermal characterization of both matrices
was carried out using Differential Scanning Calorimetry (DSC 214 Polyma, NETZSCH-
Gerédtebau GmbH, Selb, Germany). Measurements were performed in triplicate from 20 °C
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to 300 °C at a heating rate of 10 °C min'. The enthalpy of fusion (mJ g™') was determined
from the area under each endothermic peak. A maleated polyethylene coupling agent
(MAPE, Licocene 4351) was supplied by Clariant AG (Frankfurt, Germany). A fine-grain
polyethylene wax (Licolub H12; acid value 15 to 19 mg KOH g™), also obtained from
Clariant AG, was used as a lubricant. Radiata pine sawdust used as the lignocellulosic
reinforcement was supplied by CMPC Maderas S.A., Coronel Plant (Concepcion, Chile).

Preparation of Wood-Plastic Composite Samples

Radiata pine sawdust was sieved, and the fraction retained on a 60-mesh screen
(250 um) was selected for use. The retained particles were oven-dried at 103 + 2 °C to
achieve a moisture content below 2%. Composite processing was carried out using a twin-
screw co-rotating extruder (TC35, Cincinnati Milacron, Cincinnati, OH, USA) with a
screw diameter of 35 mm, three heating zones, and a rectangular die (50 X 5 mm). The
barrel and die temperatures were maintained at 185 and 170 °C, respectively. Two
composite formulations were prepared with a wood/plastic ratio of 20/80, using either
virgin or recycled HDPE as the polymer matrix. All component ratios are expressed on a
weight basis (wt%), corresponding to 20 wt% wood flour and 80 wt% HDPE. This
formulation approach was selected to ensure consistency with industrial processing
practices and to facilitate comparison with previous studies on wood—plastic composites.
In the first extrusion stage, a die equipped with twelve holes was used to produce filaments,
which were subsequently pelletized using a milling machine (Model ML-SC-3, Ming Lee
Industrial (HK) Limited, Hong Kong, China). The resulting wood-plastic pellets were
mixed with the coupling agent and lubricant in a thermal mixer at 80 °C for 5 min. The
coupling agent (MAPE) was added at 5% of the oven-dry wood weight, and the lubricant
(polyethylene wax) at 1% of the polymer weight.

Thereafter, the two wood plastic formulations were extruded, and composite
samples were obtained for characterization. In the first extrusion trial, a die equipped with
12 holes was used to obtain filaments. There were pelletized using a milling machine,
(Ming Lee Industrial (HK) Limited, Model ML-SC-3, Hong Kong, China). First, the wood-
plastic pellets were mixed with the coupling agent and the lubricating agent in a thermal
mixer at a temperature of 80 °C for 5 min. The concentration of the coupling agent was
maintained at 5% based on the dry weight of the wood and the lubricating agent at 1%
based on the weight of the polymer. Subsequently, the wood plastic composites for the two
wood/plastic formulations were incorporated into the extruder and then composites
samples to characterization were obtained.

Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry analyses were conducted using a DSC 214
Polyma instrument (NETZSCH-Gerédtebau GmbH, Selb, Germany). Approximately 8 to
10 mg of each polymer sample (virgin and recycled HDPE) were sealed in aluminum pans
and heated from 30 to 300 °C at a rate of 10 °C min' under a nitrogen atmosphere (50 mL
min'). The melting temperature (7m) and crystallization behavior were determined from
the endothermic and exothermic peaks, respectively. The degree of crystallinity was
calculated according to ASTM D3418-10 (2015), using a reference enthalpy of 293 J g™*
for 100% crystalline polyethylene.
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Melt Flow Index (MFI)

The melt flow index (MFI) was determined using a CEAST MF20 melt flow
indexer (Instron, Norwood, MA, USA) in accordance with ASTM D1238-10 (Condition
190 °C/21.6 kg). Approximately 5 g of polymer were introduced into the preheated barrel
and conditioned for 7 min before applying the test load. The MFI values were expressed in
g/ 10 min.

Density

The density of the polymer samples was determined using the gravimetric method.
Specimens with nominal dimensions of 50 mm x 50 mm X 30 mm were cut from the
extruded composite profiles. Their exact dimensions (thickness, width, and length) were
measured using a digital caliper (Mitutoyo Corp., Kawasaki, Japan; accuracy £0.01 mm).
The mass of each specimen was recorded with an analytical balance (XS205DU, Mettler
Toledo, Greifensee, Switzerland; accuracy +£0.01 mg). Density (p) was calculated as the
ratio of mass to volume and expressed in g/cm?. Each reported value corresponds to the
mean of five replicates.

Tensile Testing

Tensile properties of the extruded wood plastic composites were evaluated to
compare the macroscopic elastic modulus with the nanomechanical modulus obtained by
nanoindentation. Tests were performed according to ASTM D638 using Type V specimens
machined from the extruded profiles. All tests were conducted at 23 = 2 °C and 50 + 5%
relative humidity. A universal testing machine (5 kN load cell) was operated at a crosshead
speed of 5 mm/min. For each formulation (20/80 virgin HDPE and 20/80 recycled HDPE),
five replicates were tested, and the tensile modulus was calculated from the initial linear
portion of the stress strain curve.

Measurement of Elastic Modulus (Em) by Nanoindentation

The extruded composites exhibited an average thickness of approximately 5 mm,
with mean densities of 883 kg/m? for WPCs prepared with virgin HDPE and 837 kg/m? for
those prepared with recycled HDPE. Standard mechanical tests were first conducted to
compare the macroscopic mechanical properties of the composites with the
nanomechanical elastic modulus obtained at the interface. Specimens from both
formulations were sectioned into 3 X 3 x 3 mm cubes, and a truncated pyramid with a 1
mm side length on the truncated face was prepared. This geometry ensured that the wood
fibers were exposed in cross section and oriented perpendicularly to the indentation load.
Thin sections of approximately 250 nm were obtained from the cube surfaces using a rotary
microtome (RM2265, Leica Microsystems, Wetzlar, Germany), first employing a glass
knife and subsequently a diamond knife, to achieve a smooth surface suitable for
nanoindentation. The microtomy process was carried out under dry conditions. No water
or lubricants were used during cutting in order to prevent moisture-induced swelling of the
wood fibers or softening of the HDPE matrix. Cutting was performed at room temperature,
and the resulting surfaces were inspected using the optical microscope integrated into the
nanoindenter to ensure the absence of tearing, smearing, or surface deformation prior to
indentation.

Prior to nanoindentation testing, the fiber, interphase, and matrix regions were
identified using the optical microscope integrated into the nanoindenter. These optical
images were used exclusively to guide the positioning of the indentation path across the
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fiber—interphase—matrix regions. No AFM imaging or PF-QNM measurements were
performed in this study.

Nanoindentation tests were performed on each phase of the composite wood fiber,
interface, and matrix using a Hysitron TI 900 nanoindenter (Bruker, Eden Prairie, MN,
USA) equipped with a cube corner diamond tip. A nominal maximum load of 100 uN was
applied, with eight indentations per phase. Figure 1 illustrates the indentation layout and
the representative zones analyzed.

c) Matrix

Fig. 1. Optical micrograph acquired using the integrated microscope of the nanoindenter showing
the indentation layout across the wood fiber (a), interphase (b), and polymer matrix (c). Red arrows
indicate the direction of the linear indentation path, and green points represent representative
indentation locations selected for elastic modulus calculation in each phase. The image was used
exclusively to guide the positioning of the nanoindentation measurements; no AFM imaging was
performed. Approximate field of view: ~20 pm

The indentation cycle consisted of an initial loading period of 5 s to reach the
maximum load, followed by a 60 s holding segment at maximum load, and a subsequent
unloading period of 5 s. The reduced modulus (£.,) was determined from the load-
displacement curve, specifically from the initial unloading slope (), which represents the
elastic response of the material (Fig. 2). The elastic modulus of the sample (E,) was then
calculated using Eq. 1,

1 _1-vj +1—vi2
Er Em  E;

(1

where En and Vi are the elastic modulus and the Poisson’s ratio of indented material,
respectively, and E; and v; are the corresponding parameters for the diamond indenter.
According to Gacitla ef al. (2010) and the Hysitron TI-900 nanoindenter user manual, the
following values were assumed: v; = 0.07, v,, = 0.35, and E; = 1140 GPa. The elastic
modulus of the material (E») was calculated using Eq. 2.

-1

E, =(1-"V2) (Ei - 1‘—1’2) (2)

Ej
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Fig. 2. Load—displacement curve obtained from the nanoindentation test. The initial unloading slope
(S) was used to calculate the reduced modulus (E;) (Mufioz et al. 2012).

Nanoindentation of the Fiber Matrix Interface

To evaluate both the interphase thickness and the elastic modulus of the composites,
a preliminary surface scan was performed using the diamond tip of the nanoindinter. Based
on the surface images acquired during tip sample contact, an area was selected in which
the three phases wood fiber, interphase region, and polymer matrix were clearly
distinguishable. Prior to nanoindentation, these regions were identified using the optical
microscope integrated into the nanoindentation system (Hysitron TT 900), which was used
exclusively to guide the placement of the indentation path; no AFM imaging was conducted
in this study. The optical micrographs acquired with the integrated nanoindenter
microscope covered an approximate field of view of ~20 um, which was sufficient to
visualize the narrow fiber—interphase—matrix region characterized in this study. Sequential
nanoindentations were subsequently conducted along a linear traverse across the three
phases, without predefined spacing between indents, starting from the wood fiber and
advancing toward the polymer matrix (Fig. 3). For interphase measurements, indentation
points were selected exclusively on continuous solid material. Areas showing visible voids,
air gaps, or debonding were avoided. All indentation sites were verified at high
magnification to ensure that the tip was positioned over a mechanically continuous region,
and any indent displaying non-physical load—displacement behavior was excluded from
the analysis.

Statistical Analysis

A general factorial design with a single factor (treatment) and three response
variables the elastic modulus of the wood fiber, interface, and matrix was employed.
Analysis of variance (ANOVA) was performed at a significance level of o= 0.05 using the
Design-Expert software package (version 10, Stat-Ease Inc., Minneapolis, MN, USA).
Post-hoc comparisons were conducted using a least significant difference (LSD) multiple-
range test implemented in Statgraphics (Statgraphics Technologies Inc., The Plains, VA,
USA).
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Matrix
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Fig. 3. Optical micrographs obtained with the integrated nanoindenter microscope illustrating the
sequential nanoindentation path across the wood fiber—interphase—matrix regions for the two
composites: (a) 20/80 virgin HDPE and (b) 20/80 recycled HDPE. The images were used solely for
indentation positioning and do not correspond to AFM observations. The indentation sequence
follows a linear traverse from the wood fiber toward the polymer matrix. Approximate field of view:
~20 ym

RESULTS AND DISCUSSION

DSC Analysis of the Polymers

Figure 4 presents the DSC thermograms of virgin and recycled HDPE, obtained
under identical experimental conditions and over the same temperature range. The melting
temperature (7)) of the virgin HDPE was approximately 136 °C, while the recycled
polymer exhibited a slightly lower melting peak at 133 °C. In the case of the recycled
HDPE, additional thermal events were observed at higher temperatures: above 180 °C, two
exothermic events appeared one of low intensity and another of greater magnitude followed
by irregular thermal behavior above 240 °C. These features were not observed, or were
negligible, in the DSC thermogram of the virgin HDPE under the same temperature range.
The slight reduction in 71, and the presence of these high-temperature exothermic events
in the recycled polymer suggest partial chain degradation and a decrease in crystallinity.
The reduction likely resulted from multiple extrusion cycles and thermo-mechanical stress
during reprocessing. This behavior is consistent with previous studies on recycled HDPE,
which report melting peak shifts, peak broadening, and additional thermal phenomena
associated with molecular weight reduction and oxidative degradation (Dou and Rodrigue
2021; Langwieser et al. 2021; Vidakis et al. 2021; Zhang et al. 2023).
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Fig. 4. Differential scanning calorimetry (DSC) thermograms of (a) virgin HDPE and (b) recycled
HDPE

Density, Melt Flow Index, and Thermal Behavior of Polymers

The virgin HDPE exhibited a density of 950 kg/m®, whereas the recycled HDPE
had a density of 1112 kg/m>. The melt flow index (MFI) values were 7.5 g/10 min for the
virgin polymer and 13.81 g/10 min for the recycled polymer, as determined according to
ASTM D1238 (Condition 190 °C/ 21.6 kg).

Differential scanning calorimetry (DSC) analysis revealed distinct differences in
the thermal behavior of the two polymers, particularly in their crystallinity and melting
temperature. The recycled polymer exhibited a lower degree of crystallinity and a slightly
lower melting temperature, which, together with its higher MFI, indicates a more degraded
molecular structure resulting from repeated thermal mechanical processing.

This reduction in crystallinity and molecular weight may influence the interfacial
adhesion and mechanical performance of the resulting composite potentially decreasing
stiffness but improving processability.
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Evaluation of the Elastic Modulus of Wood Fibers, Interface, and Matrix

The analysis of variance (ANOVA) results indicated that the model was significant
for the elastic modulus response of the three phases in both composites, as the p-value was
less than 0.05 (Table 1). The mean comparison test also revealed significant differences in
the elastic modulus among the three phases, with higher values observed in the wood fibers,
intermediate values for the interface, and lower values for the thermoplastic matrix. This
trend was consistent in both composites, as illustrated in Fig. 5. Table 2 summarizes the
minimum, maximum, and mean values of the nanoindented elastic modulus obtained for
the three phases studied (wood fiber, interface, and matrix).

Table 1. ANOVA Results and p-Value for the Response Variable Elastic Modulus
(Em) and Nanomechanical Properties of Radiata Pine Wood Fiber, Interface, and
HDPE Matrix in Extruded Wood Plastic Composites (WPCs)

. . p-value* a=0.05

Composite (Wood/Plastic) Fiber (GPa) Interface (GPa) Matrix (GPa)
20/80 virgin Model< 0.001 Model < 0.0407 Model < 0.0001

Means 7.512 6.17° 2.26°

Standard Deviation 0.68 0.92 0.24

Coefficient of Variation (%) 9.06 14.9 10.9

20/80 recycled

Means 8.16¢ 5.82¢ 1.86f

Standard Deviation 0.58 0.76 0.23

Coefficient of Variation (%) 7.19 13.2 12.5

Note: *p-Value < 0.05 indicated that the model was significant; different letters denote a significant
difference at a 95% confidence level.

10
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Fiber 20/80v Fiber 20/80r Interface 20/80v Interface 20/80r Matrix 20/80v Matrix 20/80r

Fig. 5. Comparison of average elastic modulus values across the three phases (fiber, interface,
and matrix) for the two compounds. Note: v denotes virgin material and r denotes recycled material

The nanoindentation results, shown in Fig. 6, revealed a continuous variation in the
reduced elastic modulus across the fiber, interface, and matrix regions of both 20/80v and
20/80r composites. This gradual transition in mechanical response supports the existence
of three distinct microstructural domains, each exhibiting statistically significant
differences in modulus values (p < 0.05), as confirmed by the least significant difference
(LSD) multiple comparison test. The fiber phase exhibited the highest modulus values (7-
9 GPa), attributed to the high cellulose crystallinity and the anisotropic multilayered cell
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wall structure of lignocellulosic fibers, making it statistically distinct from the other
regions. The interface phase showed intermediate modulus values, forming a sigmoidal
gradient between the rigid fiber and the ductile matrix, resulting from interdiffusion,
mechanical interlocking, and chemical bonding phenomena. Given the inherent
incompatibility between HDPE and cellulosic fibers, a sharp mechanical transition would
normally be expected at the boundary between the two phases. Without compatibilization,
HDPE shows poor wetting of the fiber surface, and no interpenetration of polymer
segments is anticipated. Under such conditions, intermediate modulus values measured
near the boundary may arise from edge effects rather than representing a true interphase.

In the present study, however, the composites contained 5 wt% MAPE, whose
maleic anhydride groups can react with hydroxyl functionalities on the fiber surface while
its polyethylene backbone remains miscible with the HDPE matrix. This dual interaction
promotes chemical coupling and mechanical continuity along the fiber—matrix boundary.
As a result, a more gradual transition in nanoindentation-derived elastic modulus is
expected, reflecting a genuine interphase region where polymer chains can partially
interpenetrate, entangle, or establish secondary interactions with the fiber surface.

Therefore, the intermediate modulus values observed between the fiber and the
matrix likely arise from the MAPE-mediated interphase rather than from measurement
artifacts. The improved adhesion produced by MAPE provides a mechanistic explanation
for the smoother mechanical gradient detected by nanoindentation across the fiber—matrix
boundary.

Its thickness 2.5 um for 20/80v and 0.63 pm for 20/80r directly influenced the
extent of this transition zone. The matrix phase, characterized by the lowest stiffness (1.5-
2.5 GPa for virgin HDPE, lower for recycled HDPE), reflected its semicrystalline and
ductile nature, with recycled variants exhibiting increased heterogeneity and a reduced
modulus due to polymer chain degradation. Each phase was statistically distinguishable
based on its elastic behavior.

Table 2. Minimum, Maximum, and Mean Values of the Elastic Modulus (GPa) at
the Nanometric Scale for the Three Analyzed Regions: Wood Fiber, Interface, and
Matrix

Wood fiber Interface Matrix
Composite Min | Max | Mean Min Max Mean Min Max Mean
Wood/plastic | 6.21 | 9.93 | 7.51 4.26 8.94 6.60 1.84 2.80 2.32
20/80v
Wood/plastic | 6.44 | 9.85 | 8.15 4.01 7.91 5.96 1.51 2.36 1.94
20/80r

The elastic modulus values obtained by nanoindentation at the interface and within
the matrix were higher for the virgin condition of the 20/80 wood plastic composite. In
contrast, the fiber modulus was slightly higher in the recycled composite compared with
its virgin counterpart. This behavior can be attributed to the heterogeneous cellular
structure of radiata pine wood, which alternates between earlywood and latewood regions.
The observed variation in fiber modulus may be explained by the nanoindenter tip
predominantly interacting with earlywood cells, which generally exhibit lower stiffness
than latewood cells. Furthermore, the rigidity of the thermoplastic matrix in the virgin
composite may have promoted partial fiber collapse during extrusion, leading to increased
fiber compression and agglomeration. These microstructural effects likely contributed to
the overall mechanical response of the composite by enhancing interfacial contact and
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modifying the load transfer efficiency between phases.

When the elastic modulus values obtained by nanoindentation at the interface
regions were compared with those determined from standard tensile tests (20/80v: 1.75
GPa; 20/80r: 1.57 GPa), the nanoindentation derived modulus were, on average,
approximately 4.3 times higher than the corresponding tensile test values (Fig. 5).

The differences between the elastic modulus obtained from nanoindentation and
tensile testing can be explained by the fundamental contrast in the deformation modes and
the scales probed by each technique. Nanoindentation evaluates localized regions with
minimal defects under predominantly compressive loading, allowing the intrinsic stiffness
of individual phases to be measured. In contrast, tensile testing integrates the response of
a much larger volume that includes fibers, matrix, voids, and interfacial imperfections,
producing an effective macroscopic modulus. Differences in loading rates and the
heterogeneous cellular structure of radiata pine may also contribute to the observed
variations. Similar observations have been reported by other authors (Shu and Stanciulescu
2020).

Based on the results, the incorporation of the maleated polyethylene (MAPE)
coupling agent at a concentration of 5% significantly enhanced the interfacial adhesion
between the polymer matrix and the wood fiber. The functional maleic anhydride groups
in MAPE facilitated covalent bonding and strong secondary interactions at the fiber matrix
interface, thereby improving compatibility, reducing interfacial defects, and enabling more
efficient stress transfer between phases. This enhancement is consistent with previous
studies, which reported that the inclusion of maleated coupling agents improves
mechanical properties and interfacial bonding in natural fiber reinforced composites
through mechanisms dependent on both the concentration and chemical nature of the
coupling agent (Lendvai and Patnaik 2022; Khamtree et al. 2024; Tongco et al. 2025). In
the present study, this improved compatibility also resulted in thicker and mechanically
more robust interfaces, particularly in the 20/80 virgin WPC formulation, where the highest
performance gains were observed.

Several authors (Drzal et al. 1983; Guo et al. 2020; Shu and Stanciulescu 2020)
have emphasized that the structural integrity of composite materials largely depends on the
efficiency of stress transfer across the fiber matrix interface, as well as on the intrinsic
properties of the constituents and any surface or chemical modifications applied to enhance
adhesion. Furthermore, the discrepancy observed between the elastic modulus measured at
the macro and nanomechanical scales can be primarily attributed to the sample size effect,
as the nanoindentation technique probes localized regions with minimal defects, whereas
macroscopic tests integrate the collective behavior of fibers, voids, and interfacial
heterogeneities.

The tensile modulus was determined using the effective cross-sectional area of the
sample, with the volume subjected to tension being substantially larger than the localized
contact area involved in the nanoindentation tests. In addition, the loading rate applied
during nanoindentation was typically higher than that used in tensile testing. Whereas
tensile testing induced a relatively uniform tensile deformation across the specimen,
nanoindentation generated a localized compressive deformation around the indenter. These
distinct deformation modes likely accounted for the discrepancies observed in the elastic
modulus obtained by the two methods. Similar findings were reported by other authors
(Shu and Stanciulescu 2020).

Previous studies have investigated the nanomechanical properties of the fiber—
matrix interface in polymer composites reinforced with natural fibers treated with maleated
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polypropylene (MAPP) (Nair et al. 2013). The reported elastic modulus values of the fibers
ranged from 12 to 15 GPa, while the interface exhibited values between 5 and 12 GPa. In
comparison, the polymer matrix demonstrated values below 5 GPa, highlighting the
distinct mechanical behavior of each composite component. In another study,
polypropylene composites reinforced with Lyocell, a regenerated cellulose fiber, were
fabricated using silane surface treatments and the incorporation of MAPP (Lee ef al. 2007).
Nanoindentation analysis of the composite phases revealed an elastic modulus of 16.62
GPa for the fiber and 3.03 GPa for the matrix. Similarly, other authors reported matrix
elastic modulus values ranging from 2.98 to 3.01 GPa (Jakes et al. 2007).

Continuous nanoindentation was employed to evaluate the hardness and elastic
modulus of wood cell walls, with reported elastic modulus values for natural wood fibers
ranging from 12.7 to 19.3 GPa, depending on the microfibril angle (Tze ef al. 2007). In a
complementary study, the nanomechanical characterization of radiata pine revealed
average nanoindented elastic modulus values of the cell walls ranging from 10.49 to 15.02
GPa (Erazo et al. 2021). Similarly, nanoindentation was applied to high density
polyethylene (HDPE) reinforced with glass fibers, where the elastic modulus of the matrix
ranged from 1.45 to 2.75 GPa (Bai 2002).

The elastic modulus values obtained in the present study by nanoindentation for the
different phases of the wood plastic composites were consistent with results reported in
previous studies. Nevertheless, some variability in the mechanical properties can be
expected, as these values are influenced by several factors, including the type of fiber and
polymer matrix, the equipment and processing conditions used during composite
fabrication, and the specific methodology applied to determine the elastic modulus.

Thickness Interface

Figure 6 presents the elastic modulus profiles obtained by instrumented
nanoindentation across the fiber-interface-matrix continuum in the 20/80v and 20/80r
composites. A descending gradient was observed, with the fiber phase exhibiting the
highest modulus, the interfacial region showing intermediate values with a gradual
reduction in stiffness, and the polymer matrix displaying the lowest values. This
progressive trend indicated the presence of a mechanically graded interface rather than a
sharply defined boundary, suggesting a gradual stress transfer transition zone that enhances
interfacial compatibility and load distribution within the composite.

The interface thickness was defined as the region in which the elastic modulus
exhibited a continuous and monotonic decrease between the quasi-plateau regions
corresponding to the fiber and the matrix. Based on the inflection points of the modulus
depth profiles, the 20/80v composite showed a broader interfacial zone with an average
thickness of approximately 2.5 pm (2500 nm), whereas the 20/80r composite displayed a
considerably narrower interface of 0.63 um (630 nm).

This difference in interfacial width suggests distinct fiber-matrix interaction
mechanisms depending on the polymer type. The broader interface in the virgin HDPE
system may be attributed to enhanced polymer wetting, greater molecular interdiffusion,
and improved physical or chemical adhesion at the fiber surface. In contrast, the recycled
HDPE likely exhibited reduced interfacial compatibility due to oxidative degradation
products, lower molecular mobility, and possible surface contamination, all of which could
hinder interfacial coupling and reduce stress transfer efficiency.

These results underscore the critical role of the interface in governing local stress
transfer mechanisms. A well developed and mechanically graded interfacial region
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facilitated efficient load distribution across the constituent phases, thereby enhancing the
macroscopic mechanical performance of the composite. Conversely, a reduced or poorly
developed interface, as observed in the 20/80r system, may act as a stress concentration
site, compromising the structural integrity and reliability of the material under service
conditions.

According to the applied methodology, the 20/80v composite exhibited an interface
thickness of approximately 2.5 pm (2500 nm), whereas the 20/80r composite showed a
markedly thinner interface of about 0.63 um (630 nm). This thickness was not determined
by visual inspection or arbitrary boundary assignment, but was instead derived from the
spatial variation of the reduced elastic modulus obtained through high resolution
nanoindentation profiling across the fiber-matrix transition zone.

The interface region was defined as the zone in which the elastic modulus exhibited
a continuous and monotonic decrease, transitioning from the high modulus characteristic
of the fiber to the lower modulus of the polymer matrix. The boundaries of the interfacial
region were identified from the inflection points of the modulus distance curve, marking
the transition from the fiber plateau to the matrix plateau.
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Fig. 6. Elastic modulus profiles and corresponding image analysis showing the interface thickness
determined from the modulus gradient in the composites: (a) 20/80 virgin and (b) 20/80 recycled
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This approach reflected the mechanically graded nature of the interface, resulting
from polymer penetration, interfacial adhesion mechanisms, and stress redistribution near
the fiber-matrix boundary. The observed differences in interfacial thickness between the
two composites highlighted variations in interfacial interactions.

The broader interface in the 20/80v system may indicate improved polymer wetting
and molecular interdiffusion of the virgin HDPE with the fiber surface. In contrast, the
thinner interface in the 20/80r composite was likely associated with reduced chain mobility
and limited interfacial bonding resulting from thermal oxidative degradation and structural
heterogeneity in the recycled polymer.

Interface thicknesses ranging from 31 nm (0.031 pm) to 77 nm (0.077 um) were
reported in natural fiber composites (Nair ef al. 2013). In glass fiber—reinforced systems,
thicknesses between 2 pm (2000 nm) and 6 pm (6000 nm) were observed using
nanoindentation and nanoscratching techniques (Hodzic et al. 2000). Similarly, values
from 1.10 pm (1100 nm) to 8.88 um (8800 nm) were obtained through atomic force
microscopy (AFM) and nanoindentation, with the interface thickness influenced by silane
concentration (Cross et al. 2005).

In polypropylene composites reinforced with cellulosic fibers, nanoindentation was
employed to map the elastic modulus and define the interface thickness from the
transitional mechanical properties between fiber and matrix (Lee et al. 2007). Consistent
with these findings, an average interface thickness of approximately 1.5 um (1500 nm) was
reported for carbon fiber-reinforced epoxy composites using nanoindentation combined
with continuous stiffness measurement (CSM) and spatial property mapping (Zhu et al.
2022).

The elastic modulus values obtained for the three phases in this study were
consistent with those previously reported (Lee et al. 2007), which indicated that the
thickness of the transition zone was less than 1.6 pm (1600 nm). This value falls within the
range of the two experimental measurements obtained in the present work, thereby
supporting the reliability and reproducibility of the nanoindentation-based characterization
approach.

As previously noted, reports on the mechanical properties of interfaces with widths
of 100 nm (0.1 pm) or smaller were limited, primarily due to the lack of techniques capable
of measuring properties with nanoscale spatial resolution. It has been emphasized that
accurately estimating the effective thickness of the interface using a single indentation
profile or a single indentation point within the interfacial region has been particularly
challenging (Lee et al. 2007; Islam and Sharif 2015). This difficulty has been associated
with the potential proximity of the selected zone to the fiber boundary or its partial overlap
with the fiber itself (boundary effect), which could lead to inaccurate or nonrepresentative
property measurements.

CONCLUSIONS

1. The nanoindentation technique proved to be an effective and reliable method for
detecting variations in mechanical properties within the interfacial region of wood
polymer composites (WPCs), clearly revealing changes in the elastic modulus along
the indentation profile.
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2.

The incorporation of maleated polyethylene (MAPE) as a coupling agent significantly
influenced the nanomechanical response of the composites. The interface thickness
measured 2.5 pm in the virgin 20/80 composite and 0.63 um in the recycled 20/80
composite, in agreement with values reported in previous studies using nanoindentation
and atomic force microscopy.

The nanomechanical characterization effectively distinguished the three micro-
structural phases wood fiber, interface, and matrix. The fiber region exhibited the
highest stiffness due to its anisotropic and crystalline structure, whereas the matrix
showed the lowest modulus values, reflecting the ductile nature of HDPE.

The interfacial region presented intermediate and statistically distinct modulus values,
confirming its role as a mechanically graded transition zone responsible for stress
transfer between the fiber and matrix.

A clear association was observed between the nanomechanical characteristics of the
interfacial region and the macroscopic tensile stiffness of the composites. In particular,
the broader and mechanically graded interface identified in the virgin HDPE-based
composite was associated with more efficient stress transfer between phases.

The local mechanical properties of the interfacial region provide useful indicators of
composite mechanical behavior and contribute to a better understanding of structure—
property relationships in WPCs. However, these observations should be interpreted
within the scope of the present experimental dataset and do not imply a direct or
universal predictive capability without further systematic investigation.
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