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This study investigates the effect of wood acetylation on the mechanical properties and creep resistance
of wood/recycled-polypropylene composites (WRPCs) using the time–temperature superposition princi-
ple (TTSP). The results revealed that the flexural and tensile strength of WRPCs increased with increasing
weight percent gain (WPG) of acetylated wood particles up to 13%. Additionally, the TTSP-predicted creep
compliance curve fit well with the long-term experimental data. The creep resistance of WRPCs with
acetylated wood particles was greater than that of WRPCs with unmodified wood particles, especially
for the WRPC with 13% WPG of acetylated wood particles.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Over the past decade, wood–plastic composites (WPCs), in
which renewable and low-cost natural fibers are added as rein-
forcement to the plastic composite, have gained popularity and
found important applications in recovery, reuse and recycling of
a variety of byproducts from industrial use of natural resources.
These WPCs are of great interest in various applications due to
such advantages as low-density, low equipment abrasiveness, high
stiffness and strength, low maintenance requirements, and
biodegradability [1]. However, incompatibility between hydrophi-
lic lignocellulosics and hydrophobic thermoplastics results in poor
interfacial interaction. Thus, to overcome this problem, several
physical and chemical approaches have been used to modify the
lignocellulosic materials by increasing their hydrophobicity [2,3]
and improving their dimensional and thermal stabilities [4,5].
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Table 1
Reaction conditions for different extents of acetylated wood particles.

Wood
particles

Wood:acetic anhydride
(g:mmol)

Reaction time
(min)

Particle weight
gain (%)

WPG 2 1:2 120 1.6 ± 0.2
WPG 4 1:4 120 4.4 ± 0.8
WPG 8 1:7 120 7.6 ± 0.1
WPG 13 1:20 120 12.7 ± 0.6
WPG 23 1:40 120 23.3 ± 0.3
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Among these various approaches, wood acetylation with acetic
anhydride has received the most attention.

The conventional acetylation process includes impregnation of
dried wood with a liquid-phase acetic anhydride before external
heat is applied. However, the downside to this method is that
the process is time-consuming and requires large quantities of
modification agent. Therefore, the chemical reagent is used in the
vapor phase because the reactivity of the reagent in the vapor
phase is higher than in the liquid phase. As a result, acetylation
with acetic anhydride via a vapor phase reaction offers certain ben-
efits, such as reduced reagent consumption, decreased reaction
time, and minimized environmental impact [6]. The best-known
virgin thermoplastics used as the matrix in WPC products are high
and low density polyethylene (HDPE and LDPE) and polypropylene
(PP) [7,8]. In addition, it is well known that all of the recycled plas-
tics that can be melted and processed below the degradation tem-
perature of wood or other lignocellulosic fillers are commonly
suitable for manufacturing WPCs [9]. Thus, in the past decade,
the use of recycled thermoplastics also has been considered for
manufacturing of WPCs [10–12]. However, one of the disadvan-
tages of this approach is changes in theWPCmechanical properties
with temperature, which leads to limits in wider applications.
Therefore, it is also important to investigate the temperature sen-
sitive properties of WPCs, e.g., creep behavior, because WPCs exhi-
bit a strong time–temperature dependent response. Moreover, it is
time-consuming and expensive to conduct full-scale creep tests on
a normal time scale. In this study, an accelerated creep test based
on the time–temperature superposition principle (TTSP) was
implemented to predict the long-term creep response. Methods
that use this principle have been employed to confirm that TTSP
is applicable to various WPCs [13–17].

To date, investigations into WPCs have primarily focused on the
effects of various attributes on the thermal and mechanical proper-
ties of the composites (e.g., fiber type, fiber loading, functional
additives, and fiber modification) to increase the compatibility
between the hydrophilic natural fiber and hydrophobic polymeric
matrix [3,18–21]. However, little information is available with
respect to the effect of wood acetylation on the creep behavior of
WPCs. Therefore, in addition to qualification of the physical prop-
erties and static mechanical properties of these materials, an objec-
tive of the current study was to investigate the time–temperature
dependent response and extended creep behavior of WPCs with
unmodified and various acetylated wood particles using the TTSP.
In addition, different extents of acetylated wood particles were
prepared using the vapor phase reaction method in this study.
2. Materials and methods

2.1. Materials

Japanese cedar (Cryptomeria japonica D. Don) sapwood was sourced from the
experimental forest of the National Taiwan University. Wood particles were pre-
pared by hammer milling and sieving, and particles between 30 and 60 mesh
(250–595 lm) were investigated. Recycled-polypropylene (rPP) with a melt index
of 3.7 g/10 min and a density of 910 kg/m3 was purchased from Orbit Polymers
Co., Ltd. (Taichung, Taiwan). Acetic anhydride was purchased from the Sigma–
Aldrich Chemical Co. (St. Louis, MO, USA). The other chemicals and solvents used
in this experiment were of the highest quality available.
2.2. Acetylation

Wood particles were acetylated with acetic anhydride using the vapor-phase
reaction method reported in our previous study [6]. Before the reaction, the wood
particles were Soxhlet-extracted with acetone for 8 h, and then dried at 105 �C
for 12 h. The reaction conditions for different extents of acetylated particles are
shown in Table 1. At the end of the reaction, the acetylated wood particles were
washed with distilled water and Soxhlet-extracted with acetone for 8 h. Finally,
the acetylated wood particles were dried at 105 �C for 12 h. The weight percent gain
(WPG) of the wood materials was calculated based on the oven-dried method.
2.3. Composite panel manufacture

Manufacture of wood/rPP composites (WRPCs): The flat platen pressing process
was applied as reported in our previous papers [22,23]. The weight ratio of the
oven-dried wood particles (moisture content <3%) to rPP powder was 10:90. The
expected density of the WRPCs was 900 kg/m3. The dimensions of the WRPC sam-
ples were 300 mm � 200 mmwith a thickness of 4 mm. All of the WRPCs were pro-
duced in a two-step pressing process described as follows: (1) hot pressing
(2.5 MPa) at 200 �C for 3 min and (2) finishing with cold pressing until the temper-
ature of WRPCs decreased to 30 �C.

2.4. Mechanical properties

Flexural and tensile tests were performed according to the ASTM D790-10 [24]
and ASTM D638-14 [25] standards, respectively. A specimen size of
80 mm � 16 mm with a thickness of 4 mm was used to determine modulus of rup-
ture (MOR) and modulus of elasticity (MOE) in a three-point static bending test
with a loading speed of 1.7 mm/min and a span of 64 mm. A dumbbell-shaped
(Type I) test specimen with a thickness of 4 mmwas used for tensile test at a tensile
speed of 5 mm/min. Five specimens of each blend were tested at 20 �C. The samples
were conditioned at 20 �C and 65% relative humidity (RH) for two weeks before
testing.

2.5. Creep test

The short-term accelerated creep tests on the WRPCs were measured in three-
point bending mode via dynamic mechanical analysis (DMA) (DMA 8000, PerkinEl-
mer) at a frequency of 1 Hz. The dimensions of the sample were 30 mm � 10 mm
with a thickness of 4 mm. With a real-time short-term creep response at elevated
temperatures, TTSP is used to predict the long-term creep performance of the com-
posites. The creep compliance is given by S(Tref, t) = S(Telev, t/aT), where S is the creep
compliance as a function of temperature and time, Tref is the reference temperature,
Telev is the elevated temperature, and aT is the shift factor. The master curve of creep
compliance was determined by DMA. Creep and creep recovery cycles were con-
ducted at isotherms between 20 �C and 70 �C at intervals of 5 �C. A three-point
bending mode with a span of 40 mm was used. For each isotherm, 20% of the aver-
age flexural strength was applied for 1 h followed by a 1 h recovery period. In addi-
tion, long-term creep tests in bending were conducted to serve as a basis of
comparison with the results from short-term accelerated creep tests. The tests were
conducted under a conditioned environment (20 �C and 65% RH) for 775 days. The
dimensions of the sample were 80 mm � 16 mm with a thickness of 4 mm. The
applied loading was 20% of the average flexural strength, and the data for creep dis-
placement were recorded by a data logger.

2.6. X-ray diffraction measurement

The X-ray diffractograms were obtained with a MAC science MXP18 analyzer
(Japan), and wood samples were prepared by powdering. The diffraction patterns
were measured from 2h = 2� to 35� using CuKa1 radiation at 40 kV and 30 mA.
The crystallinity index (CrI) of the wood particle was calculated according to the fol-
lowing equation [26]:

CrIð%Þ ¼ I002 � Iam
I002

� 100 ð1Þ

where I002 is the maximum intensity of the 002 lattice reflection of the cellulose
crystallographic form at 2h = 22�, and Iam is the intensity of diffraction of the amor-
phous material at 2h = 18�.

2.7. Scanning electron microscopy

Scanning electron microscopy (SEM) was used to examine the morphology of
wood particles and plastics in the composites. After the tensile test, the fracture sur-
faces of composites were dried and sputtered with gold. A JEOL JSM-6330F SEM
(Japan) instrument equipped with a field emission gun and an acceleration voltage
of 2.8 kV was used to collect SEM images for the composite specimen. The samples
were viewed perpendicular to the fractured surface.
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2.8. Statistical analysis

All results are expressed as the mean ± SD. The significance of the difference
was calculated using Scheffe’s test, with values of P < 0.05 considered statistically
significant.
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Fig. 1. X-ray diffraction diagrams of different extents of acetylated wood particles.
(A) Unmodified; (B) WPG 2; (C) WPG 4; (D) WPG 8; (E) WPG 13; (F) WPG 23.
3. Results and discussion

3.1. Physical and mechanical properties of WRPCs

The density, moisture content, and static mechanical properties
of the WRPCs are summarized in Table 2. In general, density and
moisture content might directly affect the flexural properties of a
polymer composite. No significant difference in density was noted
among all of the composites (�900 kg/m3). However, lower mois-
ture content that was found in the WRPC13 and WRPC23, and both
composites were significantly different from the WRPC0. This phe-
nomenon could be influenced by substitution of the amount of
hydroxyl groups by acetyl moieties after acetylation when the
WPG of acetylated wood particles reached 13%, leading to the
reduction of hydrophilicity of wood particles.

Table 2 shows that the MOR decreased from 51 MPa to 43 MPa
when 10 wt% of unmodified wood particles was added into an rPP
matrix. This phenomenon may be attributed to the wide polarity
differences of the surfaces that retard the interaction of polymer/-
wood particle bonding [17,27]. However, the MOR of WRPCs with
acetylated wood particles is greater than that of WRPC0, especially
for the WRPC8 and WRPC13, whose values were similar to that of
neat rPP. When the WPG of acetylated wood particles reached
2%, 4%, 8%, and 13%, the MOR values of those WRPCs were
46 MPa, 46 MPa, 48 MPa, and 50 MPa, respectively. The acetylation
of wood particles improved the MOR of WPC, resulting from the
improved interfacial interaction between the wood particle and
polymer [28]. In contrast, the MOR of WRPC23 was similar to
WRPC0. For the MOE, the modulus increased with the addition of
10 wt% unmodified wood particles into an rPP matrix, and the
MOE increased from 1.8 GPa to 2.1 GPa. Stiffer wood particles play
a role in stress transition in a composite, leading to improvement
of the flexural properties. A similar effect has also been reported
by many researchers [17,29]. In addition, similar to the findings
in MOR, the WRPC13 exhibited the highest MOE (2.3 GPa) among
all WRPCs, and a drastic decrease in the MOE was observed when
the WPG of acetylated wood particles exceeded 13%. Similar
results were reported by Hung and Wu [3] and Pasquini et al. [30].

Fig. 1 shows the evolution of the X-ray diffraction patterns of
acetylated wood particles. The results reveal two diffraction rays
for 2h = 22� and 15� before treatment, and the calculated CrI is
38.4%. After acetylation, the former ray due to the 002 plane of
crystal lattice was shifted to the amorphous condition of 18–20�,
and the other ray corresponding to the reflection of planes 101
and 10 �1 of the native cellulose lattice gradually vanished
Table 2
Effects of wood acetylation on physical and mechanical properties of WRPCs.

Specimen Wood/rPP
(wt%)

WPG of acetylated
wood (%)

Air-dried density
(kg/m3)

Moisture
content (%)

Neat rPP 0/100 – 897 ± 9a –

WRPC0 10/90 0 890 ± 19a 0.32 ± 0.04a

WRPC2 10/90 2 893 ± 19a 0.35 ± 0.03a

WRPC4 10/90 4 883 ± 17a 0.35 ± 0.03a

WRPC8 10/90 8 897 ± 7a 0.36 ± 0.01a

WRPC13 10/90 13 910 ± 19a 0.24 ± 0.01b

WRPC23 10/90 23 885 ± 1a 0.18 ± 0.01c

Values are presented as the mean ± SD (n = 5). Different superscript letters within a colu
(Fig. 1B–F). These results are similar to the diagram obtained by
Hung and Wu [3] and Thiebaud et al. [31]. In addition, the extent
of decrystallization is a function of ester content (or WPG). In other
words, the extent of acetylation greatly influenced crystallinity,
and thus, a higher extent of acetylation produced a lower CrI. How-
ever, for all WPG with less than 13% of acetylated wood particles,
the CrI values ranged from 37.1% to 39.9%, and no significant differ-
ences were noted among them. Once the WPG of acetylated wood
particles reached 23%, the CrI decreased dramatically to 32%. This
reduction is nearly congruent with the MOE changes in Table 2.
Therefore, it is evident that the MOE of WRPCs is greatly influenced
by the crystallinity of lignocelluloses.

Indeed, the tensile property is the best single measure of the
quality of lignocellulosic composites because it exhibits sensitivity
to the interfacial adhesion between the lignocellulose and the
polymer matrix. Table 2 shows that for the tensile modulus, there
was no significant difference between neat rPP and WRPC0, but the
WRPC with 13% WPG of acetylated wood particles exhibited the
highest tensile modulus (2.13 GPa). Furthermore, the tensile
strength decreased from 34.4 MPa to 22.3 MPa with the addition
of 10 wt% unmodified wood particles into an rPP matrix. The
decreased strength could be attributed to the incompatibility
between the hydrophilic wood particles and the hydrophobic rPP,
which promotes microcrack formation at the interface. The tensile
strength of WRPC2 was similar to the WRPC0, but the strength of
WRPC4 increased significantly to 25.6 MPa. These results indicate
that when the WPG of acetylated wood particles was only 4%,
the particles provide sufficient interfacial adhesion with the plastic
matrix, leading to a more efficient transfer of stress along the wood
Flexural properties Tensile properties

MOE (GPa) MOR (MPa) Modulus
(GPa)

Strength
(MPa)

Elongation at
break (%)

1.80 ± 0.06c 51.6 ± 1.0a 1.90 ± 0.04c 34.4 ± 0.4a 7.1 ± 0.9a

2.10 ± 0.18b 43.4 ± 2.1cd 1.95 ± 0.16bc 22.3 ± 1.6c 2.2 ± 0.4c

2.11 ± 0.09ab 46.7 ± 2.2bcd 2.09 ± 0.04ab 22.4 ± 1.6c 2.2 ± 0.1c

2.25 ± 0.10ab 46.4 ± 3.1bcd 1.98 ± 0.03abc 25.6 ± 1.3b 2.7 ± 0.2c

2.25 ± 0.05ab 47.6 ± 0.9abc 2.00 ± 0.04abc 24.9 ± 1.2bc 2.6 ± 0.2c

2.33 ± 0.08a 50.0 ± 1.3ab 2.13 ± 0.06a 26.0 ± 1.6b 3.1 ± 0.3bc

1.82 ± 0.04c 42.9 ± 0.4d 1.82 ± 0.01c 23.9 ± 0.3bc 3.9 ± 0.2b

mn indicate significant differences among groups (p < 0.05).
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particle/rPP interface. In addition, all of the WRPCs cause a dra-
matic decrease in the elongation at break compared with that of
the neat rPP because rigid fillers were added into a plastic matrix.
However, for the composites filled with acetylated wood particles,
the elongation at break remarkably increased, especially for the
WRPC23. The explanation for this occurrence is that the rigidity
of wood particles could be reduced by acetylation. A similar result
was also reported by Pasquini et al. [30].

Observation of the fracture surfaces of the composites by SEM
can provide insight into information related to interfacial adhesion
[32]. The SEM micrographs of the tensile fractured surface for the
composites samples are shown in Fig. 2. Although only selected
portions of the WRPCs are shown in the figures, they are assumed
to be as representative of the sample as possible. Accordingly, for
the WRPC0, the unmodified wood particles are pulled out nearly
intact from the polymeric matrix (Fig. 2A), i.e., the fracture of the
composite did not lead to breaking of the wood particles. This
observation clearly indicates that the interfacial adhesion between
the wood particle and the plastic was quite weak. A similar bond-
ing characteristic was observed in WRPC2 (Fig. 2B). However, as
shown in Fig. 2C–F, the SEM micrographs reveal that acetylated
wood particles are sufficiently trapped by the polymeric matrix,
which provides evidence of good interfacial interaction if the
WPG of acetylated wood particles is greater than 4%. Thus, better
stress transfer from the weaker plastic phase to the wood particle
through the interface could be expected. This effect is believed to
be caused by improved interfacial interaction, which results in
high flexural and tensile strength, as shown in Table 2.
3.2. Extended creep behavior of WRPCs assessed using the TTSP

This section outlines the use of the TTSP to predict the long-
term creep behavior of composites from short-term accelerated
creep tests at a range of elevated temperatures. The DMA method
is appropriate for this test because it is capable of testing at a wide
range of temperatures. Using WRPC0 as an example, Fig. 3A shows
the creep compliance with elevated temperature over the actual
time for the entire duration, and Fig. 3B and C show the unshifted
short-term creep compliance and corresponding master curves of
WRPC0 at all tested temperatures plotted against the test time on
a log scale, respectively. For the shift factor, two methods can be
used for WPCs: the William–Landel–Ferry (WLF) equation and
(A) (B)

(E)(D)

200 m200 m

200 m200 m

Fig. 2. Scanning electron microscopy (SEM) micrographs of WRPCs with different exten
WRPC13; (F) WRPC23. Arrows: Wood particle.
the Arrhenius equation. For the WLF equation, the material is
tested at working temperatures in the range from the glass-
transition temperature (Tg) to Tg + 100 �C [33]. The rPP is appropri-
ate for this method because the Tg of the thermoplastic is approx-
imately 15 �C. Therefore, the WLF equation was used for WRPCs in
this study. The shift factor can be related to temperature using the
following equation:

logaT ¼ �C1ðT � TrefÞ
ðC2 þ T � TrefÞ ð2Þ

C1 ¼ C1gC2g

ðC2g þ Tref � TgÞ ð3Þ

C2 ¼ C2g þ Tref � Tg ð4Þ
where aT is the horizontal shift factor, Tref is the reference temper-
ature (K), T is the test temperature (K), and C1g and C2g are constants
(17.44 and 51.6, respectively) [13,34–36].

According to the reduced time using a shift factor (aT) calcu-
lated from the WLF equation, the creep curves at elevated temper-
atures were shifted to the right along the time axis. In addition, the
long-term (experimental data) and TTSP-predicted creep compli-
ance curves of WRPC0 are shown in Fig. 3D. It revealed that the pre-
dicted creep compliance was slightly higher than that of the
experimental results. This difference is mainly resulted from two
events. One is the thermal expansion while heating the sample
using the TTSP [37]; another is physical ageing which is presumed
to be responsible for this discrepancy, because the long-term creep
test during the application of the load leads to a stiffening of the
material with increasing time [38]. However, the creep compliance
was slightly overestimated by TTSP, but the predicted creep com-
pliance curve showed consistent trend with the experimental data
in the steady creep rate. This result demonstrated that the TTSP
could be used to predict the long-term creep behavior of WRPCs.

Consequently, the creep compliance master curves of the vari-
ous WRPCs generated using shift factors are estimated from the
WLF equation. The master curves were modeled with the Findley
power law [39], which is presented in following equation:

SðtÞ ¼ S0 þ atb ð5Þ
where S(t) is the time-dependent compliance, S0 is the instantaneous
elastic compliance, a and b are constant numbers, and t is the elapsed
(F)

(C)

200 m

200 m

ts of acetylated wood particles. (A) WRPC0; (B) WRPC2; (C) WRPC4; (D) WRPC8; (E)
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Fig. 3. (A) Creep compliance of WRPC0 at elevated temperatures in the actual test. (B) Unshifted and shifted creep compliance and (C) corresponding master curve of
unmodified WRPC using a reference temperature of 20 �C against the test time on a log scale. (D) Comparison of long-term creep compliance and TTSP predicted creep
compliance for WRPC0.

Table 3
Predicted creep compliances of various WRPCs using a reference temperature of 20 �C.

Specimen S0 (GPa�1) a b R2 S(t) (GPa�1) Improvement of creep resistance (%)
Time (years) Time (years)

1 5 10 20 30 1 5 10 20 30

WRPC0 0.61 0.14 0.12 0.992 1.78 2.04 2.16 2.30 2.39 – – – – –
WRPC2 0.60 0.06 0.14 0.994 1.33 1.53 1.62 1.73 1.80 25 25 25 25 25
WRPC4 0.57 0.04 0.16 0.992 1.28 1.50 1.60 1.73 1.81 28 27 26 25 24
WRPC8 0.54 0.06 0.13 0.993 1.19 1.35 1.43 1.51 1.57 33 34 34 34 35
WRPC13 0.53 0.03 0.15 0.996 1.04 1.19 1.26 1.35 1.40 41 42 42 41 41
WRPC23 0.55 0.04 0.18 0.993 1.39 1.68 1.83 2.01 2.12 22 17 15 13 11

S(t) = S0 + atb, where S(t) is the time-dependent compliance, S0 is the instantaneous elastic compliance, and a and b are constant values.
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time. Accordingly, the Findley power law model fit the TTSP creep
curves well for all WRPCs over the entire time period. As shown in
Table 3, the R2 values of all WRPCs are greater than 0.99. Further-
more, the creep curves of the various WRPCs on a log time scale
are shown in Fig. 4A. The result revealed that the compliance of
WRPC0 was greater than that of WRPCs with acetylated wood parti-
cles and that the compliance decreased with increasing WPG up to
13%. In other words, among all WRPCs, the compliance of WRPC13

was the lowest during the creep duration. When 23% WPG of acety-
lated wood particles were added in the rPP matrix, however, the
compliance increased dramatically. Fig. 4B shows the creep master
curves on a normal time scale, and the instantaneous elastic compli-
ances (S0) and the predicted the time-dependent compliances (S(t))
of all the WRPCs over 1–30 year periods are listed in Table 3. The
S0 of WRPC13 was the lowest (0.53 GPa�1) among all WRPCs. For
the predicted compliance, WRPC0 showed 1.78 GPa�1, 2.04 GPa�1,
2.16 GPa�1, 2.30 GPa�1 and 2.39 GPa�1 at 1, 5, 10, 20 and 30 years,
respectively. As expected, the compliance of WRPCs with acetylated
wood particles declined dramatically. These results implied that the
creep resistance ofWRPCs could be enhanced throughwood acetyla-
tion due to better interfacial interaction between the wood particle
and the polymeric matrix. These findings are similar to the flexural
and tensile properties data. Moreover, to estimate the creep resis-
tance of a sample under long-term conditions, the improvement of
creep resistance (ICR) was calculated using the following equation:

ICR ð%Þ ¼ 1� SðtÞa
SðtÞu

� �
� 100 ð6Þ

where S(t)a and S(t)u are the time-dependent compliance of acety-
lated and unmodified WRPCs, respectively. As shown in Table 3,
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the creep resistances of all acetylated WRPCs were improved in the
range of 11–41% over a 30-year period. Of these data, the largest
value was found for WRPC13 (41%), and the smallest value was
found for WRPC23 (11%). Taken together, the results indicated that
the WRPC13 exhibited the best creep resistance.
4. Conclusions

Compared with unmodified wood particles, the acetylated
wood particles exhibit excellent reinforcing effects on the mechan-
ical properties and creep resistance of wood/recycled-
polypropylene composites (WRPCs). The results revealed that the
moisture content of WRPCs decreased with increasing the extent
of wood acetylation, whereas the flexural and tensile properties
of WRPCs were enhanced with increasing the WPG of acetylated
wood particles up to 13%; however, these properties declined shar-
ply as the WPG was further increased. In addition, among all
WRPCs, the WRPC13 exhibited the best creep resistance. The SEM
micrographs revealed that acetylated wood particles are suffi-
ciently trapped by the polymeric matrix. These results indicate that
the interfacial interaction between the wood particle and the plas-
tic plays a role in stress transition for improved mechanical and
creep properties in a composite. Accordingly, the addition of acety-
lated wood particles in an rPP matrix can improve not only its ten-
sile and flexural performances but also its creep resistance,
especially with 13% WPG of acetylated wood particles. Therefore,
these composites offer a high-performance alternative to conven-
tional WPCs for building and construction applications.
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