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ABSTRACT

Polylactic acid (PLA) and wood composites as biodegradable materials have

limited applications due to the poor dispersity of wood flour (WF) in PLA

matrix and weak adhesion. Thus, this study aims to prepare PLA/WF com-

posite materials by combining high-temperature moist air (220 �C), A-187 silane

coupling agent, and acetic anhydride with PLA and employing heat treatment

(HT) and esterification methods. The effects of different treatment methods on

the crystallization, thermal and mechanical properties, and hydrophobicity of

the WF/PLA composites are studied. The addition of heat-treated esterified WF

decreases the cold crystallization temperature, thermal stability, and water

resistance of the composites. Compared with the untreated WF/PLA composite,

the heat-treated esterified WF/PLA composite has 40% increase in tensile

strength and 13% increase in flexural strength. HT combined with other mod-

ification methods significantly reduce the crystallinity of the composites and

improve the compatibility between WF and PLA, resulting in excellent perfor-

mance enhancement of the heat-treated esterified WF composites compared

with the untreated composites. Thus, addition of a small amount of HT esteri-

fied WF to WF/PLA composites in 3D printing filament extruder enhances its

plasticization property and toughness at low cost, suggesting the future wide

applications of the material in 3D printing.
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Introduction

Polylactic acid (PLA), a biodegradable aliphatic

polyester well suited for the production of disposable

materials [1, 2], is typically prepared from fermented

plant starch, such as wheat starch, potato starch,

sweet potato starch, cornstarch, and dextrin [3].

Additionally, PLA can be extruded into filaments by

3D consumable extruder products and is easy to print

[4, 5], making it an ideal 3D printing material.

However, PLA is brittle and has poor toughness [6].

Its elongation at break is less than 10%, which limits

its application in high plastic deformation, and PLA

is expensive, which increases the production cost of

materials and limits its commercial application of

PLA materials [7]. Due to the increasing demand for

the aesthetic appearance of 3D printing products, 3D

printing materials based on composites reinforced by

metals, ceramics, food, organic or inorganic fillers,

and even human cells have been developed. Cur-

rently, natural products, such as starch and wood

flour (WF), are blended with PLA to improve the

biodegradability and reduce the cost of its composites

[8], which has attracted increasing attention.

Wood flour (WF) is mainly composed of cellulose,

hemicellulose, and lignin. Cellulose is a natural

homopolymer consisting of D-anhydroglucose

(C6H11O5) [9]. In the supramolecular structure of

cellulose, the hydroxyl groups of the molecular

chains are bonded by hydrogen bonds to form a

crystalline region with high crystallinity, thus giving

WF incredible rigidity [10]. Lignin has effective and

economical adhesion properties, which can be used

as rubber reinforcement, plastic matrix reinforce-

ment, adhesive, and dispersant [11]. Due to the

excellent performance of wood, 3D printing filaments

are commercialized as WoodFill and Laywoo-D3,

which consist of around 30% recycled WF and

around 65% PLA [12]. However, WF with certain

moisture content in the composite is heated and

evaporated to cause an interface cavity layer during

fusing filament process; thus, 3D printing filaments

based on wood flour/PLA composites suffer low

dimensional stability, poor mechanical properties,

carbonization, and filament plugging [13]. In addi-

tion, WF is highly hydrophilic and undergoes

agglomeration because of its surface abundance of

hydroxyl groups (–OH) [14]; thus, PLA containing

nonpolar ester groups has poor interfacial

compatibility with WF [15]. Hence, it is necessary

take the interfacial compatibility and dispersion of

WF into account. Many researchers have conducted

studies on enhancing the compatibility between PLA

and WF.

Treatment of WF is a hot frontier research topic.

The main reasons for WF modification are due to the

poor plasticity, poor thermal stability, and strong

hygroscopicity of WF. WF treatment methods include

physical and chemical methods. Physical methods

involve modification of the physical morphology of

wood flour, which include stretching, calendering,

heat treatment (HT), corona, low-temperature

plasma, radiation, and other discharge technologies.

On the other hand, chemical methods involve the

modification of the chemical structure of wood flour

through molecular design for WF to exhibit special

physical and chemical properties. Chemical methods

mainly include esterification, oxidation, etherifica-

tion, graft copolymerization, and cross-linking of WF

to introduce functional groups other than hydroxyl

groups to destroy the crystallinity of cellulose and

reduce hydrogen bonds within or between molecules.

Heat treatment is a common physical method of WF

modification. Han et al. [16], Gao et al. [17], and

Kerner et al. [18] conducted steam treatment on WF.

It was found that steam treatment can open a large

number of hydrogen bonds in WF, reduce inter-

molecular interaction, and increase the reaction

activity between WF and other materials. However,

there were still micropores and uneven particle dis-

tribution at the phase interface of WF composites.

Chen et al. [19, 20] modified WF by combining a

silane coupling agent with high-temperature hot air.

The silane coupling agent was grafted in the form of a

chemical bond on the surface of WF treated with

high-temperature hot air. Results showed that surface

hydrophobicity was improved, and the hydroxyl

number on the surface sharply decreased. However,

the hydrogen bond in the crystalline structure of

cellulose was not destroyed, resulting in the thermal

decomposition temperature of WF being far lower

than its hot melting temperature. Thus, WF under-

goes thermal decomposition before melting, affecting

the thermoplastic properties of its composites.

The cellulose content in wood is about 50%. The

existence of a large number of hydroxyl functional

groups in wood can esterificate wood with organic

acids and anhydrides to reduce its surface polarity

and improve its affinity with plastics. The main
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esterification methods include acetic anhydride

method, thioacetic acid method, vinyl ketone

method, and chloroacetyl method. Among them, the

acetic anhydride method is the most widely used

method at present. Through replacement of the

hydroxyl group of cellulose with the acetyl group of

anhydride, some hydroxyl groups in the wood cell

wall can be esterified [21, 22]. Some researchers

found that using dimethyl amide, dimethyl sulfoxide,

and dimethyl anisole as catalysts, wood can be

esterified with maleic anhydride (MA) and phthalic

anhydride (PA) at room temperature to obtain

esterified wood containing suspended carboxyl

groups. The modified wood has significant fluidity at

160 �C and 115 MPa and can be hot pressed into

plastic sheets [23, 24]. The hydroxyl groups on the

surface of the treated fiber were replaced by the

anhydride groups, which was flatter and smoother

than that of the untreated fiber, reducing the polarity

of the natural fiber [25]. Jebrane and Sebe [26] used

vinyl acetate and acetic anhydride as acetylation

reagents to esterificate pine WF. Results showed that

cellulose was easier to be esterified under acetic

anhydride, and acetic anhydride may react with the

aromatic ring of lignin to produce impurities. Lee

et al. [27] used polycaprolactone (PCL), poly(butyle-

nesuccinate-cobutylenecarbonate), PLA, and WF to

produce PCL-graft-MA and PLA-graft-MA as com-

patibilizers and develop esterified WF/PLA com-

posites. These studies showed that the double bond

of MA could be inserted into the backbone of PCL

and reacted with methyl and methine carbons of PLA

by radical grafting. Due to esterification and hydro-

gen bonding with hydroxyl groups on the WF sur-

face, PLA/WF composites with good compatibility

were prepared. However, most of the reports on WF

modification deal with esterification that requires a

large number of organic solvents. This not only

increases the reaction cost and difficulty of product

posttreatment but also poses environmental con-

cerns. Moreover, cellulose is more prone to degra-

dation under acidic conditions if the test scheme or

condition control is improper. Guo et al. [28] dis-

solved PA with N-methylimidazole (NMI). NMI acts

as a hydrogen-bond-breaking agent when dispersed

into lignocellulosic fibers and as a catalyst for ester-

ification. Then, after washing esterified lignocellu-

losic fibers with acetone, the wood fiber/

biodegradable polymer composites with good

mechanical properties and thermal flow properties

were produced. However, the organic solvent was

difficult to retrieve.

Under acidic conditions, the selection of appro-

priate nucleophilic compounds (carboxylic acid or

anhydride) and appropriate reaction conditions can

reduce the hydroxyl content of the esterified WF and

provide better thermoplasticity. They can improve

the brittleness of WF/PLA composites and may also

interact with polylactic acid or produce hydrogen

bond. In addition, it is reported that the agglomera-

tion and hydroxyl groups of WF can be reduced

under high-temperature hot air treatment. The use of

esterification and HT complex modification for PLA/

WF composite preparation for 3D printing has not yet

been reported. In order to increase the compatibility

between WF and PLA, we used WF heat-treated at

high temperature, WF modified with silane coupling

agent (SCA), WF esterified with glacial acetic acid/

acetic anhydride (AAH), WF modified with SCA and

heat-treated at high temperature, and WF esterified

with AAH and heat-treated at high temperature. The

composite materials were prepared by a 3D printing

filaments extruder and 3D printer. Through the

mechanical property, crystallinity, contact angle, and

surface energy measurements, we aimed to deter-

mine the best method and mechanism for the syn-

thesis of PLA/WF composites.

Materials and methods

Materials

Poplar wood was obtained in Inner Mongolia, China.

The raw material was pulverized and screened to

100–200 mesh (150–75 lm), 200–300 mesh

(75–48 lm), and smaller than 300 mesh (\ 48 lm)

using a biomass fiber roller mill (MF-600, Northeast

Forestry University, Harbin, China). PLA with a

melting flow index of 7.0 g/10 min at 240 �C was

purchased from Kaixili Plastic Co., Ltd., Dongguan,

China. The lubricant TPW604 and polyolefin elas-

tomer (POE) (density 0.870 g/cm3, melt index 1.1 g/

min, melting point 53 �C) flexibilizer were purchased

from Struktol Company of America, LLC (Stow, OH,

USA). Glacial acetic acid and acetic anhydride were

of analytical grade and purchased from Sinopharm

Chemical Reagent Co., Ltd., Shanghai, China. The

SCA A-187 was obtained from Momentive Perfor-

mance Materials Inc., New York, USA. The physical
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properties of the chemical additives are shown in

Tables 1 and 2. MgCl2, NaNO2, NaCl, Na2SO4, and

4-Cyclohexyl-1-butanol (Vaseline) were received

from Tianjin Benchmark Chemical Reagent Co., Ltd.,

Tianjin, China.

High-temperature hot air treatment

The moisture content of WF was 210% after

immersing in water for 24 h. Then, the WF was

added into an impulse-cyclone high-temperature hot

air treatment equipment (MQG-50, Jiangsu Jianda

Drying Engineering Co., Ltd., Changzhou, China)

until the final moisture content reached 1–3%. The

treatment temperature, air velocity, and feeding rate

were 220 �C, 11 m/s, and 120 kg/h, respectively. The

poplar WF dried in an electric oven at a temperature

of 103 �C ± 2 �C for 6 h was used as a reference

sample for high-temperature treatment. All samples

were sealed in a vacuum plastic sealing bag.

Silane coupling agent treatment

The A-187 SCA solution was prepared using distilled

water as the solvent in an A-187/water molar ratio of

1:3. Then, untreated and high-temperature heat-

treated WF samples were added into a high-speed

mixer. The SCA was added by spraying. The weight

ratio of the coupling agent and wood powder was

5:95, and the mixing time was 30 min until the cou-

pling agent and WF were completely mixed. Then,

the treated WF was dried at 103 �C ± 2 �C for 12 h in

a drying oven (DHG-9070A, Shanghai Yiheng Tech-

nology Co., Ltd., Shanghai, China).

Esterification treatment

Using distilled water as the solvent, 5% acetic anhy-

dride solution was prepared. Into a three-port flask,

60 g of WF and 300 g of glacial acetic acid were

added, and the mixture was heated at 40 �C in a

water bath for activation. After half an hour of reac-

tion, 120 g of acetic anhydride solution was added,

and the mixture was heated to 75 �C in the water bath

and reacted for 5 h. Then, the esterified WF was

poured into a Buchner funnel and rinsed with

deionized water for five times. Finally, the esterified

WF was put into the oven for drying to a moisture

content of 1%–3% to increase the lubricity of wood

flour in the wire drawing machine and reduce

brittleness.

Preparation of WF/PLA composites for 3D
printing

According to different formulations as shown in

Table 3, modified WF/PLA composites for use as 3D

printing materials were prepared in a high-speed

plastic mixer (SHR-5A, Zhangjiagang Baixiong Kli-

mens Machinery Co., Ltd., Zhangjiagang, China) for

15 min to produce uniform composites.

The process of preparing WF/PLA composites for

use as 3D printing materials is shown in Fig. 1. The

mixture was granulated at 150 �C in a single-screw

Table 1 Physical properties of chemical additives

Chemical additives Molecular structure formula Molecular weight (g/mol) Boiling point (�C)

Silane coupling agent (A-187) 32.12 290

Acetic anhydride 102.09 140

Glacial acetic acid 60.05 118

Table 2 Chemicals listing

Chemical name Molecular formula

Glacial acetic acid C2H4O2

Acetic anhydride C4H6O3

3-Methacryloxypropyltrimethoxysilane C10H20O5Si

Magnesium chloride MgCl2
Sodium nitrite NaNO2,

Sodium chloride NaCl

Sodium sulfate Na2SO4

4-Cyclohexyl-1-butanol [Vaseline] C6H11(CH2)4OH
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extruder. The mixed particles were added into a

single-screw 3D wire extruder (Suzhou Rongjie

Technology Development Co., Ltd., Suzhou, China)

to extrude the wire material through an aperture of

1.75 ± 0.02 mm. The temperature of zones 1–4 was

set at 165 �C, 175 �C, 175 �C, and 170 �C, respectively,
and the number of revolutions was 60. The extruded

wire was then cooled using cooling water and placed

in a box with constant temperature (25 �C ± 2 �C)
and humidity for 24 h.

SOLIDWORKS 2021 software (Dassault Systems,

Shanghai, China) was used to draw a three-dimen-

sional model of bending and stretching specimens,

and the file was imported into the 3D printing control

software ReplicatorG. The 3D printing direction, hot

melt speed and temperature have certain effects on

the mechanical properties. In order to reduce the

effects of these parameters on the formula, we rein-

stalled the printing pad after removing the residual

line material on the printing pad after each printing.

Each time, the XYZ axis parameter of the printing

Table 3 Formulations for the preparation of modified wood flour/PLA composites for 3D printing materials

Sample PLA

(wt%)

HT WF

(wt%)

SCA WF

(wt%)

AAH WF

(wt%)

HT-SCA WF

(wt%)

HT-AAH WF

(wt%)

POE

(wt%)

TPW604

(wt%)

A 75 20 3 2

B 75 20 3 2

C 75 20 3 2

D 75 20 3 2

F 75 20 3 2

Figure 1 Process for the preparation of WF/PLA composites, involving wood powder agglomeration and weak interface layer damage.
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machine is reset to 0, and the printing direction is the

length direction. The target temperature of the

printing nozzle was set to 180 �C, and the layer

height was set to 0.2 mm. The model was sliced into a

Gcode code that can be recognized by the 3D printer

3DP-150 (Weinan Dingxin Creative Intelligent Man-

ufacturing Technology Co., Ltd., Weinan, China). The

WF/PLA composite wire was loaded into the wire

feeding mechanism of the 3D printer. Finally, the

entities of the bending and stretching specimens were

printed out by stacking layers.

Mechanical strength testing

The mechanical strength of the 3D printing speci-

mens was measured using a universal mechanical

testing machine (WDM-20, Changchun Kexin

Experimental Instrument Co., Ltd., Changchun,

China). The tensile and flexural properties of the

WF/PLA composites were measured according to

GB/T1040-2006 and GB/T9341-2008, respectively.

Scanning electron microscopy

The morphologies of the specimen cross-sections

were observed using a field-emission scanning elec-

tron microscope (ZEISS Sigma 300, Carl Zeiss AG,

Oberkochen, Germany). After cooling the specimens

with liquid nitrogen, all samples were coated with a

thin layer of gold through sputtering before the

scanning electron microscopy (SEM) imaging. An

accelerating voltage of 30 kV was applied.

Fourier transform infrared spectroscopy

The modified WF and their composites with PLA

were characterized by Fourier transform infrared

(FT-IR) spectroscopy (Nicolet iN10, Thermo Scien-

tific, Waltham, MA, USA) using finely ground sam-

ples (1%) in KBr pellets. A total of 32 scans in the

range of 3500–400 cm-1 at a resolution of 4 cm-1

were collected for each sample.

Differential scanning calorimetry

The crystallization behavior and melting enthalpy of

the WF/PLA composites were investigated using

Diamond differential scanning calorimetry (DSC)

(PerkinElmer Inc., Beaconsfield, UK) with the mod-

ulation option. The analysis was carried out under

nitrogen atmosphere. First, 3–5 mg of the specimen

was weighed each time and was placed into the

detector for testing. Then, the temperature was raised

to 200 �C at a heatup rate of 10 �C/min and was

maintained for 5 min to eliminate thermal history.

Afterwards, the temperature was decreased to 25 �C
at a rate of 10 �C/min and was maintained for 5 min.

Finally, the temperature was again increased to

200 �C at a rate of 10 �C/min. The secondary tem-

perature rise curve was then recorded, and crys-

tallinity was calculated from the DSC curve using

Eq. (1):

xc ¼
DHm

wDH0
m

� 100% ð1Þ

where, DHm is melting enthalpy, is the melting

enthalpy of PLA at complete crystallization and the

value is 93.6 J/g [29], and w is the mass fraction of

polylactic acid in the sample.

Melt flow rate (MFR) testing

Melt flow rate is used to distinguish the fluidity of

various thermoplastic materials in the molten state

and can be used to characterize the plasticity of

thermoplastic. According to GB 3682–2000, constant

temperature of 15 min at 190 �C, 6 g of sample was

loaded into the cartridge, after 4 min, the selected

load was added on the piston after the temperature

returned to the preset temperature. Samples were cut

at 15 s/time, and the length of each cut section

should be no shorter than 10 mm, preferably

10–20 mm. After cooling, the excised segments (at

least 3) that remained were weighed one by one, to

the nearest 1 mg, and their average mass was calcu-

lated as the melt MFR that was adopted in this

experiment.

Contact angle testing

Contact angle was measured using a contact angle

apparatus (Dataphysics Instrument Co., Ltd., Ger-

many) with polyvinyl alcohol solution with a mass

fraction of 7.5% as a volumetric solution. The samples

modified by various types of silane were mounted on

an aluminum sample holder, and a drop of polyvinyl

alcohol solution was added to the surface. The con-

tact angle of the specimen was measured after the

specimen was properly balanced.
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Results

FT-IR spectroscopy

Figure 2 shows the FT-IR spectra of the WF raw

material, WF after one time of HT, WF after three

times of HT, WF modified by HT-SCA, and WF

modified by HT-AAH. It can be seen that the internal

chemical structure of WF has changed greatly after

HT. The absorption peak near 3432 cm-1 was attrib-

uted to the O–H stretching vibration. After HT for

one time, the absorption intensity of the O–H peak of

WF slightly decreased, indicating that one HA caused

the ‘‘bridging reaction’’ of the hydroxyl groups

between the cellulose microfibrils in the amorphous

region of WF. However, after three heat treatments,

the absorption intensity of the O–H peak increased.

Lignin, cellulose, and hemicellulose were degraded

to a certain extent, and the polysaccharide connecting

bond in the crystalline region of cellulose broke,

exposing more hydroxyl groups on the surface of

WF. This provided the possibility for chemical reac-

tion of hydroxyl groups. The degradation of cellulose

and hemicellulose led to an increase in the absorption

peak intensity at 1740 cm-1, corresponding to the

C=O vibration of carboxylic acid, hemicellulose, and

polyxylose.

The characteristic peak at 1450 cm-1 was caused by

the vibration of the benzene ring skeleton of lignin.

After HT treatment, the peak intensity increased, but

it slightly decreased after three times of heat treat-

ment. This indicated that the bond between lignin

and hemicellulose broke to some extent, exposing

part of lignin and increasing some benzene ring

structural units in lignin. Furthermore, increasing the

number of HT could lead to the degradation of lignin

due to its continuous exposure to high-temperature

and high-pressure hot air, and this results in a slight

decrease in the absorption peak intensity caused by

benzene ring skeleton vibration. Comparison of the

results before and after A-187 SCA addition showed

that the broad peaks at 3432 cm-1 of HT-SCA-mod-

ified WF, which were attributed to the active hydro-

xyl groups in WF, noticeably had reduced intensity.

This indicated that a large amount of hydroxyl

groups condensed with the silicon hydroxyl groups.

In addition, a new characteristic absorption peak

corresponding to the stretching vibration of Si–CH

covalent bond appeared at 810 cm-1, which proved

the grafting reaction between WF and SCA. A large

amount of hydroxyl groups on the surface of HT-

AAH-modified WF were consumed, and the presence

of C=O and CH3–C=O characteristic peaks at 1740

and 1370 cm-1, respectively, proved the esterification

reaction between WF and AAH.

Morphological characteristics of HT-AAH
WF

It can be seen from Table 4 that the length, diameter,

and aspect ratio of poplar WF significantly changed

after esterification. After treatment with 5% acetic

anhydride solution for 1.5 h, the length-to-diameter

ratio of the heat-treated wood flour fiber was 4.66%,

8.34%, and 9.13% higher than that of HT WF with

100–200 mesh, 200–300 mesh, and more than 300

mesh, respectively. This is mainly due to the esteri-

fication process, where the acetyl group replaced

some of the hydroxyl groups of wood flour, resulting

in swelling effect that increases the volume of WF. At

the same time, the acetic acid produced by the reac-

tion accelerated the hydrolysis of cellulose. Because

the strength of wood fiber has a significant correla-

tion with the length and wall thickness of WF, the

strength of WF increased with increasing thickness

and length of cell wall, thus improving the compre-

hensive mechanical properties of the composites. The

possible synthesis mechanism of HT-WF/AAH/PLA

composite is shown in Fig. 3.Figure 2 FT-IR spectra of WF with different treatments.
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SEM analysis

Figure 4 shows the SEM images with 400 times

magnification of the tensile section of the modified

products after injection molding under different

treatment conditions. As can be seen from Fig. 4a, the

surface of pure PLA was relatively flat and smooth,

which was the characteristic of typical brittle mate-

rials. Figure 4b shows that the deformation of the

matrix was not obvious, and HT WF was unevenly

dispersed in the PLA matrix. It shows that the com-

patibility between esterified WF without HT and PLA

was weak. Figure 4c, d shows the cross-sectional

micromorphology of WF/PLA after SCA and HT-

SCA treatments. It can be seen that the cross-section

of the composite treated with HT-SCA had obvious

deformation, indicating that WF and PLA had good

compatibility after heat treatment and addition of

silane coupling agent. It can be seen from Fig. 4e that

there were evenly distributed pores in the reaction

section. It shows that esterification of WF by AAH

improved the dispersion of WF in the plastic matrix.

However, the surface of WF had almost no reactive

groups, which resulted in weak interfacial adhesion

and poor compatibility between WF and PLA. Fig-

ure 4f shows that the matrix section of HT-AAH-

Table 4 Morphological characteristics of WF after Effects of HT-AAH modification

Mesh Morphological

parameters

Maximum

(mm)

Minimum

(mm)

Average

(mm)

RSD CV(%) Aspect

ratio

HT-AAH WF 100–200 Length 0.463 0.412 0.446 0.021 4.71 3.304

Diameter 0.146 0.127 0.135 0.010 7.38

HT WF Length 0.349 0.313 0.322 0.025 77.62 3.157

Diameter 0.125 0.097 0.102 0.019 18.65

HT-AAH WF 200–300 Length 0.302 0.241 0.275 0.028 10.21 3.313

Diameter 0.088 0.075 0.083 0.006 7.23

HT WF Length 0.224 0.193 0.211 0.013 6.09 3.058

Diameter 0.077 0.062 0.069 0.007 10.14

HT-AAH WF [ 300 Length 0.219 0.187 0.198 0.014 7.16 3.250

Diameter 0.064 0.054 0.061 0.003 4.96

HT WF Length 0.142 0.131 0.137 0.006 4.42 2.978

Diameter 0.048 0.041 0.046 0.004 8.71

Figure 3 Possible synthesis mechanism of HT-AAH WF.
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modifiedWF/PLA composite presented more fibrous

burrs, and the leaked particles were rough, which

indicated that the stress of the composite could be

fully transferred from PLA to wood flour and then

absorbed by WF when it is subjected to external force.

It shows that HT-AAH-modified WF had good

compatibility with PLA.

DSC analysis

In order to study the thermal properties of the WF/

PLA composites after different modification meth-

ods, the composites were characterized by DSC. The

results are shown in Fig. 5. The two exothermic peaks

at low temperature were the glass transition peak and

the cold crystallization peak, where the temperature

of the peak was the glass transition temperature (Tg)

and cold crystallization temperature (Tcc), respec-

tively. The endothermic peak at high temperature

was the melting peak, and the peak temperature was

the melting temperature (Tm).

The glass transition temperature (Tg) of the com-

posites appeared at about 60 �C, which mostly

occurred in the DSC curve of polyester polymers.

Moreover, the cold crystallization temperature of the

composites decreased with the addition of HT-SCA

WF, indicating that the addition of HT-SCA WF

enhanced the chain segment motion ability of the

composites and made the composites crystallizable at

lower temperatures. The addition of SCA alone did

not change the cold crystallization temperature of the

composites, indicating that SCA had no effect on the

nucleation and growth of the composites during

crystallization.

It is known from the calculated results in Table 5

that the crystallinity xc of composites all slightly

decreased by different modification methods. It was

indicated that these modification methods destroyed

the crystalline structure inside the composites and

effectively improved the interfacial compatibility

between WF and PLA.

Figure 4 SEM images of the fracture surfaces of composites with different treatments.

Figure 5 DSC curves of the WF/PLA composites after different

treatments.
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Appearance characteristics of composites

Figure 6 shows the appearance of pure PLA and

modified WF/PLA composites. As shown in the fig-

ure, compared with the WF/PLA composite, the HT-

WF/PLA composite was darker. Under the HT con-

ditions, more color-generating groups such as

hydroxyl, carbonyl, and carboxyl were produced. At

the same time, the oxidation of lignin intensifies,

which changed the wood powder color to dark. The

color of the AAH-esterified WF/PLA composite was

relatively light. For the SCA-modified WF/PLA

composite, there was no great change in its color and

appearance.

Mechanical performance

Figure 7 shows the tensile stress–strain curves of the

composites. Figures 8 and 9 show the treatment

methods of WF, which influence its tensile strength

and flexural strength. From Fig. 7a, the mechanical

property curves of PLA, WF/PLA composite, and

HT-WF/PLA composite still exhibit the characteris-

tics of brittle fracture and do not show stress yield.

Compared with untreated WF/PLA composites, the

heat-treated composites exhibited improved

mechanical properties. The stress–strain curve of the

heat-treated materials showed obvious yield inflec-

tion point and plastic deformation stress platform.

From Fig. 7b, the tensile strength and elongation at

break of HT-AAH/PLA composites increased with

increasing WF meshes. These characteristics showed

that the addition of esterified WF resulted in PLA

change from a typical brittle material to a ductile

material.

Melt flow analysis

Thermoplastic material is usually processed and

molded in melt form, which requires the material to

be fluidized properly. In this experiment, the melt

mass flow rate (MFR) of the composites was mea-

sured according to a polyethylene standard (tem-

perature 190 �C, test load 21.6 kg). Due to the high

molecular weight of PLA, chain entanglement or

molecular chain interaction might occur in the molten

state; thus, its MFR value in the molten state was

higher.

Table 6 shows the melt MFR of different WF/PLA

composites. At the treatment temperature of 190 �C,
the untreated WF neither softened nor melted; thus,

the untreated WF/PLA composites showed poor

fluidity (0.1761). Compared with the MFR of pure

PLA (4.3488), the MFR of the treated WF/PLA com-

posites was lower. The main reason is that the surface

of the treated WF was rough, and the friction was

large when measuring the MFR. The esterified WF

has thermoplasticity and compatibility with PLA

resin. The fluidity of the esterified WF/PLA com-

posite without HT (3.3293) was lower than that of the

HT esterified wood flour/PLA composite (3.5878).

This is because the distance between molecular

chains in WF was small, and there were a lot of

interaction forces such as hydrogen bonds. After

esterification, the hydrogen bonds in the molecules of

WF were broken, and acetic anhydride entered its

crystal region to esterificate the hydroxyl group in the

cellulose crystal region. In addition, due to the bro-

ken cellulose molecular chains of the heat-treated

WF, the close arrangement of the original microfibrils

was destroyed, and the inner cell wall layer showed

an irregular noncrystalline structure. The more

hydroxyl groups are available for esterification in the

crystalline region, the more sufficient is the esterifi-

cation reaction. In the molten state, the HT-AAH

WF/PLA composites have obvious fluidity.

Figure 10a, b shows the relationship among vis-

cosity, storage modulus, and frequency of treatments

of the WF in the composites. The viscosity and

modulus of the treated WF/PLA composites were

lower than those of the untreated WF/PLA com-

posites. After esterification, the hydroxyl groups on

the surface of WF were replaced, and the plasticity of

WF was improved. Thus, the composites had better

fluidity at 190 �C, suggesting that their viscosity and

modulus decrease. With the decrease in the number

of hydroxyl groups, the hydrogen bond force

between molecules in WF decreased. In this case, the

strength of the network support of WF in the plastic

Table 5 Thermodynamic properties of the WF/PLA composites

Sample Tg (�C) Tcc (�C) Tm (�C) Xc (%)

WF/PLA 62.33 116.27 147.35 24.15

SCA WF/PLA 62.41 113.54 148.67 24.02

HT-SCA WF/PLA 62.26 112.18 148.81 23.61

AAH WF/PLA 62.74 110.98 149.70 23.83

HT-AAH WF/PLA 62.86 110.23 151.07 22.90
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matrix decreased, resulting in low modulus and

viscosity.

Hydrophobicity analysis

Figure 11 shows the water contact angle of the trea-

ted WF/PLA composites. The contact angle of pure

PLA was 82.1�. It can be seen that the hydrophobic

properties of the untreated WF/PLA composites

were poor. The minimum contact angle of the

untreated WF/PLA composites was 69.3�, whereas

that of the other three composites was improved,

which was related to the reaction with the hydroxyl

groups on the surface of SCA-treated and esterified

WF.

Discussion

From the mechanical results in Figs. 8 and 9, when

PLA and heat-treated SCA-modified WF and heat-

treated esterified WF were combined, the tensile

strength of HT-SCA/PLA and HT-AAH/PLA com-

posites increased compared to that of SCA-modified

WF and esterified WF that have not undergone HT.

AAH and SCA can react with the heat-treated WF to

form more covalent bonds. Although the interaction

force and interface interaction between untreated WF

and PLA were relatively poor, esterified WF could be

fully dispersed in PLA matrix due to the improve-

ment of its plasticity. These dispersed WF particles

could absorb energy from the matrix, improving the

Figure 6 Appearance of the composites with different modifications.

Figure 7 Tensile stress–strain curves of the a composites with different treatments and b HT-WF/AAH/PLA composites with WF of

different mesh sizes.
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Figure 8 Treatment methods of WF influencing its tensile strength.

Figure 9 Treatment methods of WF influencing its flexural strength.

Table 6 Determination of

melt mass flow rate of

different WF/PLA composites

Sample Temperature (�C) Time interval (s) Average weight (g) MFR

WF/PLA 190 240 0.0705 0.1761

SCA WF/PLA 190 20 0.0639 1.9172

HT-SCA WF/PLA 190 20 0.0647 1.9423

AAH WF/PLA 190 10 0.0555 3.3293

HT-AAH WF/PLA 190 10 0.0598 3.5878

PLA 190 10 0.07248 4.3488
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tensile strength of the composites. In addition, the

esterified WF increased the surface free energy of WF,

which made it more closely in contact with PLA, and

improved the compatibility of the two phases.

The flexural strength of the composites modified

with SCA was significantly improved. However, the

flexural strength of the composites from esterified

WF was not significantly improved. The strength of

the esterified WF/PLA composite was weaker than

that of WF with less than 300 mesh size. For WF

having 100 to 200 mesh size, the crystallization area

was not fully opened. Thus, the plasticization degree

of WF was incomplete, and its rigid material function

was retained. However, with the increase in WF

mesh size, the role of WF in bending performance

became less significant, resulting in the decline of

flexural strength. The flexural strength of modified

WF after HT was higher than that of WF without HT.

After HT of WF, impurities such as pectin on the

surface of WF could be removed by friction and

thermal decomposition, which made the WF particles

significantly smaller and increased surface roughness

compared with the untreated WF. This produced

more mechanical interlocks with PLA segments and

further enhanced the PLA matrix.

The results of water contact angle in Fig. 11

showed that the hydrophobic properties of the HT-

AAH WF/PLA composite were superior, and its

contact angle was 97.5�. This was mainly related to

the content of the hydroxyl groups in WF. The

hydroxyl groups in the esterified WF were trans-

formed into ester groups through acetylation reac-

tion, which reduced the hydrogen bond between

molecules in cellulose and reduced the hydrophilicity

of the material. The esterified WF after HT had a

large water contact angle. Under this condition, WF

could be interspersed with PLA, and the space

between molecular chains decreased, which hindered

the entry of small molecules.

From DSC analysis in Fig. 5, when AAH-esterified

WF was added to PLA, the strength of the cold

crystallization peak significantly decreased, and the

width of the cold crystallization peak widened. On

the other hand, the introduction of ester groups on

the cellulose molecular chain within AAH WF made

AAH WF more flexible than WF. The rigid segments

of AAH WF and the flexible segments of PLA were

more fully intertwined with each other, and the

overall flexibility of the molecular chain in the blen-

ded material was higher, thereby reducing the degree

of cold crystallization. After high-temperature

Figure 10 Effect of modified WF on the rheological properties of the composites. The relationship a between viscosity and frequency and

b between storage modulus and frequency in the composites.

Figure 11 Contact angles of different WF/PLA composites.
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treatment, the cold crystallization degree of the

esterified WF was further reduced. This is because

the WF cell wall could be displaced, deformed, and

fibrillated under the HT conditions; thus, the

microfibril-like structure disappeared more and the

crystalline structure was destroyed.

From FT-IR analysis, due to the expansion of WF

after esterification, the length-to-diameter ratio

increased. During the thermal mixing process, PLA

penetrated into the surface and internal voids of the

expanded WF. Due to the reduced number of

hydroxyl groups in HT-AAH-modified WF, WF

became highly compatible with and highly dispersed

in biomass polymers. HT and esterification can also

assist in efficient thermoplastic processing of wood

flour and effectively prevent loss of enhancement

effect caused by damaged WF fiber structures during

thermoplastic treatment of its composites. The pos-

sible synthesis mechanism of HT-WF/AAH/PLA

composite is shown in Fig. 3. The main chemical

components of poplar fiber are cellulose, hemicellu-

lose, and lignin, which all have a large amount of

hydroxyl groups and can be esterified with acetic

anhydride. HT of WF destroys the hydrogen bond

between molecules and within molecules and expo-

ses more hydroxyl groups in WF. After HT and

anhydride esterification, wood powder exhibits good

thermoplastic properties and can be formed into fil-

aments during wire extrusion. This shows that the

biomass composites used to form wire rods for 3D

printing can be successfully dispersed in PLA matrix

using the modification methods presented in this

study.

Conclusion

In order to further improve the compatibility of WF

and PLA, the compatibilizers SCA and glacial acid/

AAH were added to wood fiber after HT. The com-

patibilization mechanism of SCA and AAH was

determined by infrared spectroscopy, and their

effects on the mechanical, thermal, and mechanical

properties of the WF/PLA composites were investi-

gated. The effects of the WF modification treatments

on the crystallization and water resistance of the WF/

PLA were studied, and their section morphologies

were characterized. The results are summarized

below.

The infrared spectra show that the intensity of the

absorption peak near 3432 cm-l attributed to the O–

H stretching vibration increases with increasing

number of HTs. This indicates that heat treatment can

expose more hydroxyl groups on the surface of WF,

which provides the possibility for the chemical reac-

tion of hydroxyl groups. The characteristic peaks at

1740 and 1370 cm-l of WF treated with AAH proved

the WF esterification with AAH.

By observing the change of aspect ratio, it can be

seen that the acetyl groups replaced some of the

hydroxyl groups in WF after esterification, resulting

in swelling effect and increase in aspect ratio.

Several modification methods can improve the

mechanical properties of the WF/PLA composites to

varying degrees. The mechanical properties of the

WF/PLA composites can be improved by HT, SCA

treatment, and esterification of wood fiber. However,

the effect of esterification on the WF/PLA composites

is not obvious.

SEM images of the tensile section of the composites

show that AAH-modified WF without HT improves

the dispersion of WF in the plastic matrix. However,

the compatibility of WF with PLA is limited, and the

tensile section still shows poor compatibility between

the two components. On the other hand, the com-

patibility between the esterified wood fiber and PLA

after HT is good as shown by the rough tensile sec-

tion and obvious matrix deformation in the SEM

images. The appearance of a large number of cavities

and relatively flat sections shows that the HT WF/

PLA composites are still brittle materials, and their

compatibility is poor.

The modification method did not change the crys-

tal form of the modified WF/PLA composites. The

crystallinity of the wood fiber was reduced after four

treatments, and the crystallinity and cold crystal-

lization temperature of the heat-treated and esterified

wood fiber composites were the lowest. This is due to

the enhanced movement of chain segments, the

enhanced ability of penetration between phases,

increased interaction force between components, and

reduced surface adhesion of each interface in the

composites in the heat-treated and esterified WF

composites, resulting in greater compatibility

between WF and PLA in HF-AAH/PLA.

The PLA and HT esterified WF composites exhib-

ited the largest contact angle (97.5�) and superior

hydrophobic properties.
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