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Abstract
Bio-based composite materials are garnering significant attention because of their desirable attributes
including: sustainability, lower embodied energy, and renewable nature. Combining biopolymer
matrices with biopolymer reinforcements or fillers provides an added benefit of creating a complete
composite feedstock material. In this study we are reporting on combining thermally-modified wood
(TMW) with several different biopolymer matrices (polylactic acid (PLA) and polybutylene succinate
(PBS)). TMW is a type of wood material that possesses improved dimensional stability and biological
resistance. PLA, and PBS along with their composites with thermally-modified wood flour (TMW)
were compounded using a twin-screw extruder. A masterbatch method with 40 wt.% TMW content
was made first and then diluted into 30, 20 and 10 wt.% composite formulations. Granules were
obtained by pulverizing the extrudates using a lab-scale grinder. The PLA and PBS groups were
injection molded molded into tensile and flexural bars according to the specifications in ASTM D63814 and ASTM D790-10. The modulus of elasticity of PLA and PBS were greatly improved as TMW
content increased. The tensile strength of PBS increased slightly with the addition of TMW while the
tensile strength of PLA decreased slightly. Izod impact strength was maintained with the addition of
TMW in both PLA and PBS.
Introduction
Bio-based composite materials are garnering significant attention because of their desirable attributes
including: sustainability, lower embodied energy, and renewable nature. Thermally-modified wood
(TMW) as a reinforcing biofiller for thermoplastic polymers has received considerable attention over
the past several decades (Pelaez-Samaniego et al. 2013). Thermal modification can enhance the
dimensional stability and biological resistance of wood fiber attributable to reduction in available
hydroxyl groups inherent in the cell wall of the fiber. Thermally modified wood fiber can also withstand
higher processing temperatures than normal wood thus making them attractive for processing with
engineering thermoplastics like nylon 6 (Aydemir et al. 2015). Utilization of thermally-modified wood in
nylon 6 is relevant for thermally challenging areas such as the manufacture of under-the-hood
automobile components. In addition, thermally-modified wood is also being explored as a
reinforcement in bioderived thermoplastics like polylactic acid (PLA) (Galyavetdinov et al. 2016).
Combining biopolymer matrices with biopolymer reinforcements or fillers provides an added benefit of
creating a complete biocomposite feedstock material for automotive applications.
Objectives
In this study we are reporting on combining thermally-modified wood with several different biopolymer
matrices (polylactic acid (PLA) and polybutylene succinate (PBS)).

Experimental
Materials
Thermally modified wood lumber was obtained from Cambia by NFP* (Kingston, NH). The lumber
was ground into wood flour in a hammer mill. PLA (Ingeo biopolymer 4043D) was purchased from
Natureworks. Key properties include MFR of 6g/10min, density of 1.24 g/cm 3, melting point of 160 °C,
heat deflection temperature of 55 °C. PBS (FZ91PM / FZ91PB) pellets were obtained from Mitsubishi
Chemical Performance Polymers, Inc. Key performance includes a MFR of 5 g/10min, density of 1.26
g/cm3, melting point of 115 °C.
Composites Manufacturing
PBS and PLA were dried at 60 ºC, and Thermally Modified Wood (TMW) at 103ºC before compounding.
A masterbatch containing 40 wt.% TMW was made by feeding the mixture of polymer and TMW into a
twin-screw co-rotating extruder (C. W. Brabender Instruments, South Hackensack, NJ). The extruder
was operated at 160ºC (40 rpm screw speed) for PBS and 230ºC (30 rpm) for PLA. The extrudate was
granulated by a grinder (C. W. Brabender Instruments, South Hackensack, NJ). The ground pellets
were blended with fresh polymer pellets to produce new mixtures containing 10%, 20% and 30% TMW.
The new mixtures were extruded again with aforementioned parameters. Before injection molding, all
the ground pellets were oven dried at 60ºC for at least 4 hrs. Flexural bars and tensile bars were made
using an injection molder (Model #50 “Minijector”) with a ram pressure of 17 MPa at 170ºC for PBS and
190ºC for PLA. Samples were held in the mold for 10 seconds at ambient temperature before being
released. To make samples for control groups, pure PBS and PLA pellets were extruded and injection
molded with the same parameters. The injection molded samples were kept at a temperature (23±2°C)
and humidity (50±10% RH) controlled room for at least 40 hrs before testing.
Table 1. PBS/PLA and thermally-modified wood composite formulations.
Samples
Polymer content
Thermally Modified Wood
wt.%
(TMW) wt.%
PBS
100
0
PBS + 10 wt.% TMW
90
10
PBS + 20 wt.% TMW
80
20
PBS + 30 wt.% TMW
70
30
PLA
100
0
PLA + 10 wt.% TMW
90
10
PLA + 20 wt.% TMW
80
20
PLA + 30 wt.% TMW
70
30
Mechanical testing
Tensile tests were done using electromechanical testing machine according to the procedures outline
in ASTM D 638-14. An extensometer was used to record strain during testing. Average values and
standard deviations were reported. Impact tests were done using a Ceast pendulum impact tester
(Model Resil 50B). The unused flexural bars were cut into impact bars and notched according to ASTM
D256-10. Average values with standard deviation were reported.
Differential Scanning Calorimetry (DSC)

DSC tests were done using a DSC 2500 (TA Instruments, New Castle, DE) with a heat-cool-heat-cool
method. The test samples were obtained from molded bars, weighing about 6-9 mg for each. For the
first heating cycle, PBS composites were equilibrated at round 40 ºC, then heated to 160 ºC at a heating
rate of 50 ºC/min. PBS composites were kept at 160 ºC isothermally for 3 minutes, and cooled back to
40 ºC at a cooling rate of 10 ºC/min. During the second heating cycle, PBS composites were heated
back to 160 ºC at 10 ºC/min. and immediately cooled back to 40 ºC at 40 ºC/min. The procedure for
PLA was similar except the upper temperature limit was changed to 180 ºC. The melting temperatures
(Tm1 and Tm2), enthalpy of melting (ΔHm) and enthalpy of cold crystallization (ΔHcc) were obtained from
the second heating curve. The crystallization temperature (Tc) and enthalpy of crystallization (ΔHc) of
samples were obtained from the first cooling scan. The degree of crystallization was also calculated
using the second heating curve and equation:
𝑋 (𝑃𝐵𝑆) =

𝑋 (𝑃𝐿𝐴) =

∆𝐻
𝑤 ∗ ∆𝐻

∆𝐻 − ∆𝐻
𝑤 ∗ ∆𝐻

Where ∆𝐻 is the melting enthalpy, ∆𝐻 is the crystallization enthalpy, ∆𝐻 is the cold crystallization
enthalpy and w is the weight fraction of polymer, and ∆𝐻 is the melting enthalpy for 100% crystalline
polymer. Its value used for this equation was 110.3 J/g for PBS and 93.7 for PLA.
Scanning electron microscopy (SEM)
After impact tests, the fracture surfaces of samples were used for studying the morphology of
composites using a scanning electron microscope (Hitachi High-Technologies Corporation, Tokyo,
Japan). This is an environmental SEM, so the samples were directly observed without sputter coating.
Results and Discussion
Mechanical Properties
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Figure 1. Tensile properties and toughness of PBS and its composites with thermally-modified wood
flour.

Tensile properties of PLA-TMW composites
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Figure 2. Tensile properties and toughness of PLA and its composites with thermally-modified wood
flour.

As shown in Figure 1, the modulus of PBS was improved by 177%, 191%, 317% and 315% when
10%, 20%, 30% and 40% wt. TMW was incorporated. As the content of stiffer TMW increased, the
composite’s stiffness increased as one would expect. Improvement in modulus was also reported in
cellulose fiber filled PBS at similar fiber contents.[1] By increasing the fiber content, the tensile
strength at break was increased by -0.3%, -1%, 3.2% and 4.2%. In related studies, a decrease in
tensile strength of PBS was reported when the content of wood/cellulose flours in PBS was increased
(Kuan et al. 2006; Kim et al. 2005). Such an improvement in tensile strength probably originates from
the fact that the heat treatment eliminates mechanically-weak hemicellulose and strengthens lignin
which possess better compatibility with polymers. TMW significantly reduced the tensile and impact
toughness of PBS. As TMW content increased, the number of TMW/PBS interface also increased
(Aydemir et al. 2015). The insufficient interfacial interaction between TMW and PBS lacks the ability
to impede the crack propagation, leading to fast failures under load/impact.
As shown in Figure 2, the modulus of PLA was improved by 28%, 55% and 87% when 10%, 20% and
30% wt. TMW was incorporated. By increasing the fiber content, the tensile strength at break was
decreased by 0.3% at 10% TMW, 12% at 20 wt.% TMW and 8% at 30 wt.% TMW addition. In
addition, adding TMW significantly reduced the strain at break and impact strength of PLA. Reasons
for the changes in tensile and impact properties of PLA after adding TMW were similar to what were
mentioned above.
Differential Scanning Calorimetry
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The differential scanning calorimetry results are shown in Figure 3a-d and thermal characteristics of
the composites are listed in Table 2.
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Figure 3. First cooling scan of PBS and its composites with TMW (a), PLA and its composites with
TMW (b). Cooling rate: 10°C/min. Second heating scan of PBS and its composites with TMW (c), PLA
and its composites with TMW (d). Heating rate: 10°C/min.
Table 2. Thermal characteristics of PLA, PBS and their TMW
composites obtained from DSC scans.
Sample
Tga
Tccb
Tm1c
Tm2d
Tc e
Xcf
PLA
61.2
123.6
N.A.
149.5
N.A.
1.8
PLA/TMW10%
61.3
120.2
N.A.
149.6
N.A.
2.1
PLA/TMW20%
59.1
116.3 146.9 153.2
N.A.
2.2
PLA/TMW30%
59.8
116.9 147.6 153.6
N.A.
3.2
PBS
N.A.
N.A.
103.8 113.9
87.4
58.2
PBS/TMW10% N.A.
N.A.
103.4 113.4
85.3
47.9
PBS/TMW20% N.A.
N.A.
105.7 113.7
91.3
56.5
PBS/TMW30% N.A.
N.A.
102.9 113.3
86.4
59.8
aglass transition temperature; bcold crystallization temperature,
cmelting temperature from first melting peak; dmelting temperature
from second melting peak; ecrystallization temperature; fcrystallinity
The addition of TMW to PLA lowers the glass transition temperature from 61.2 ℃ to 59.1 ℃ and 59.8
℃ at 20 and 30 wt.% loading, respectively. The melt temperature of PLA is raised from 149.5 ℃ to

153.2 ℃ and 153.6 ℃ at TMW loading levels of 20 and 30 wt.%, respectively. These results suggest
molecular interaction between the TMW and PLA in the composites, and supports the improvements
in mechanical properties of the PLA as a function of TMW loading levels (Figure2). The addition of
TMW to PBS has less effect on the thermal characteristics of the composites. The melt temperature
of PBS is not changed as a function of TMW loading level and remains at 113 ℃. The crystallinity of
the PBS is also not changed very much by TMW loading.
Scanning Electron Microscopy
The SEM micrographs of PLA and PLA-TMW composite and PBS and PBS-TMW composite fracture
surfaces are shown in Figures 4 and 5. The PLA and PBS control surfaces (Figure 4a and 5a) are
relatively smooth. As the loading level of TMW in the plastics increased from 10 to 30 wt.% (Figures
4b-d and 5b-d), a greater number of wood fibers are observed. The TMW fibers in the micrographs
appear to be well dispersed and this supports the rationale for the enhanced mechanical properties of
the TMW composites with both PLA and PBS matrices.
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Figure 4. SEM micrographs of a. PLA, b. PLA-10% TMW, c. PLA-20%TMW, d. PLA-30% TMW.

Figure 5. SEM micrographs of a. PBS, b. PBS-10% TMW, c. PBS-20%TMW, d. PBS-30% TMW.
Conclusions
Thermally-modified wood appears to be and excellent reinforcement filler for PLA and PBS matrices.
The mechanical properties of the resulting TMW-filled polymers were enhanced compared to the neat
polymers. The modulus of elasticity of PLA and PBS were greatly improved as TMW content
increased. The tensile strength of PBS increased slightly with the addition of TMW while the tensile
strength of PLA decreased slightly. Izod impact strength was maintained with the addition of TMW in
both PLA and PBS. These results demonstrate that complete biobased feedstocks can be created by
combing biopolymer matrices with bioderived filler materials such as TMW. These composite
materials can potentially benefit sustainability efforts within the automotive industry.
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