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Abstract This research studied the influence of formu-

lations of wood-plastic composites on dynamic mechanical

properties—storage modulus (E0), loss modulus (E00) and

mechanical loss factor (tan d)—according to dynamic

mechanical analysis spectra. The specimens were made

with wood flour, high-density polyethylene (HDPE) and

maleic anhydride polypropylene as a coupling agent.

Generally, the presence of fillers and a coupling agent in

polymer affect the relaxation processes and produce a more

complex morphology, thereby influencing the mechanical

and viscoelastic properties of the composites. In this work,

the addition of a higher content of wood flour resulted in

higher values of E0, indicating a better stiffness, but tan d
decreased. The bonding agent significantly improved E0,
which can be attributed to an enhanced interface between

the wood and the HDPE. Coupled products had better E0

retention at elevated temperatures than uncoupled samples.

The addition of wood flour and a coupling agent increased

the value of E0, but did not significantly change the range of
relaxation transition.

1 Introduction

Currently, wood-plastic composites (WPCs) are widely

used for outdoor applications due to their excellent dura-

bility, which has been demonstrated in previous research

studies (Hwang and Hsiung 2000; Verhey and Laks 2002;

Clemons and Ibach 2004; Stark et al. 2004; Tajvidi et al.

2010; Benthien and Ohlmeyer 2013). However, their vis-

coelastic nature and the effect of temperature limit the

application of WPCs. Understanding the viscoelastic

properties and associated influential factors can improve

material selection and optimize the balance between cost

and performance in new and existing products.

Dynamic mechanical analysis (DMA) is an effective

technique for studying viscoelastic properties of materials.

The most common graphical presentation of a DMA exper-

iment involves plotting the storage modulus (E0), the loss

modulus (E00) and the mechanical loss factor (tan d) as

functions of temperature. DMA plots provide comparisons

of the elastic modulus at different temperatures and pictures

of temperature regions where material properties are very

stable or where rapid change may occur. The glass transition

temperature (Tg) can be measured by the onset point of E0, or
by the E00 peak, or tan d peak. The determined Tg may vary

according to different above-mentioned indices.

DMA has been applied extensively in the study of vis-

coelastic properties of WPC materials. Most of the studies

obtained similar trends with the addition of wood flours,

particles, fibers and/or coupling agents in polymeric

matrices (Son et al. 2003; Tajvidi et al. 2003, 2010). A

general summary is provided in the following points:

1. With the addition of flours/fibers, composites have

higher values for E0 and E00, but lower tan d values than
in pure polymer.
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2. When flours/fibers are present, the glass transition

shifts toward higher temperatures, the intensity of

which is greater at higher fiber contents.

3. Coupled composites have a higher E0 than uncoupled

composites, which can be attributed to the improved

interface quality. However, the Tg is not significantly

influenced by coupling agents.

Tajvidi et al. (2010) studied hemp-polypropylene (PP)

composites with DMA and found that the composite

material containing higher fiber content had higher E0

values; furthermore, the composite material with higher

fiber content showed better E0 retention at given tempera-

tures above Tg, indicating that composites with higher fiber

content have better mechanical performances at elevated

temperatures. Moreover, the formulation did not affect the

onset of glass transition. In addition, Son et al. (2003) used

DMA to analyze the effect of additives on the viscoelastic

properties of various extruded wood/PP composites. The

results showed that composites with a coupling agent

resulted in higher values for E0, but lower values for tan d.
Samal et al. (2009) mentioned that the mobility of

macromolecular chains located in the fiber surface inter-

face is reduced with an increase in the fiber/matrix inter-

action, resulting in a shift in the a-transition temperature,

referring to the relaxation of rigid amorphous polymer

chains in the crystalline phase, towards a higher tempera-

ture range. Mortezaei et al. (2011) also reported that the

addition of particles to a polymeric matrix increases the

glass-transition temperature of polymer.

Santos et al. (2009) suggested that the E00 value

increases in filled polymer, indicating that the fibers easily

dissipate energy, which is probably related to the increased

internal friction between the molecules of polymer and the

filler particles. Furthermore, Chartoff et al. (1994) indi-

cated that particulate fillers broaden the tan d peak and that

the peak position shifts to a higher temperature. However,

the strong adhesion created by a coupling agent can cause

the tan d peak to narrow and the peak temperature to

decrease.

Swaminathan and Shivakumar (2009) reported discrep-

ancies in measuring E0 using DMA, particularly for mate-

rials with high moduli. Factors that may impact DMA

testing include specimen preparation, geometry, aspect

ratio and magnitude of acting load.

Some effects of composite material formulations were

discussed in previous studies, mostly based on visual

observations of DMA plots, but there was no clear asso-

ciation with the content of those composites. In this study,

the DMA spectra were assessed in terms of the formula-

tions, in order to describe the dynamic mechanical

behaviors of materials under various temperatures, analyze

and discuss the effects of the formulation on the

viscoelastic properties and transition behaviors based on

not only the DMA spectra, but also with the multiple

regression method.

2 Materials and methods

Both the raw materials and processing methods of all WPC

samples used in this study are discussed in Chang et al.

(2010). The processing method of WPC specimen is

extrusion. Mountain pine beetle (MPB) attacked Lodgepole

pine (Pinus contorta var. latifolia Engelm) lumber was

refined into flours, passing 60-mesh screen. The wood

flours were dried to a moisture content of approximately

2 % before extrusion. Virgin high-density polyethylene

(HDPE, Equistar Petrothene� LB0100-00 with a density of

950 kg/m3 and a melt index of 0.5 g 10 min-1) was

selected as the plastic matrix. As well, additives, maleated

anhydride polypropylene (MAPP, Honeywell A-C� 950P)

and a lubricant (Honeywell OptiPakTM 100) were added to

the formulations. Specimens were produced with the for-

mulations shown in Table 1. The extruded products were

machined as rectangular samples, measuring approxi-

mately 60 mm in length, 12 mm in width and 3 mm in

thickness. The same HDPE and MPB attacked lodgepole

pine as raw materials were processed as similar specimens

to be used as references for further comparison. Before the

tests were conducted, the products were conditioned for at

least 4 weeks in a constant climate room at 20 ± 1 �C and

65 ± 5 % RH.

All DMA experiments were conducted on a TA Instru-

ment Q 800 Dynamic Mechanical Analyzer, using a three-

point bending clamp and a span of 50 mm. This experi-

mental arrangement was used to study the viscoelastic

response of specimens under free resonant oscillatory loads

in temperature ramp tests.

The E0, E00 and tan d values were measured and calcu-

lated at a fixed frequency of 1 Hz. The temperature scan

ranged from -50 to ?120 �C at a heating rate of 1 �C/min.

A controlled sinusoidal strain of 0.05 % was selected for

this work. The specimens were equilibrated at -50 �C for

5 min before starting the ramp. Five specimens were tested

for each formulation, the average of which was used to

evaluate the properties.

To discuss the effect of the formulations on the prop-

erties of the products, multiple comparison and multiple

regression analyses for various properties were conducted.

Comparisons of the different formulations were examined

with an analysis of variance (ANOVA, a = 0.05) to test

for significant effects; and, the Tukey test (confidence level

of 95 %) was conducted to test for significant differences

between groups.
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Three main explanatory variables were examined: wood

content (WC), HDPE content (PC) and coupling agent

(CA). CA was deemed a qualitative variable, since there

were only two options in this study—with or without the

coupling agent. Interactions between the variables were

also investigated and were removed if no significant effect

existed.

Since the true regression function is unknown, this study

adopted the multiple regression method, which is approx-

imated by a second-order regression model. The second-

order function with three variables was set up as:

Y ¼ b0 þ b1x1 þ b2x2 þ b3x3 þ b11x
2
1 þ b22x

2
2 þ b33x

2
3

þ b12x1x2 þ b13x1x3 þ b23x2x3 þ ei

where Y is the property of interest; x1 is the WC; x2 is the

PC; x3 is CA, where 1 is with the coupling agent or 0

without the coupling agent; b0 is the interception; b1, b2,
and b3 are the coefficients for WC, PC and CA, respec-

tively; b12, b13 and b23 are the interaction effect coeffi-

cients for the interaction between pairs of variables; and ei
is the error.

3 Results and discussion

The representative results of the DMA of WPCs are shown

in Figs. 1 and 2. Only one phase transition was observed

within the scanned temperature interval for different for-

mulations. According to these figures, the E0 values

decreased with the elevating temperature, while the value

of E00 increased up to a certain level and then decreased.

The tan d value increased with elevating temperature,

indicating an increase in the viscoelastic response of the

polymer at high temperatures.

The WPC formulations, specifically wood flour (WF)

content and the presence of a coupling agent (maleic

anhydride polypropylene, MAPP), influenced the dynamic

mechanical properties. The anhydride groups of MAPP

reacted chemically with the hydroxyl groups of the wood

flours to form ester bonds, and the tail of the MAPP

entangled with HDPE, improving the interfacial adhesion

between hydrophilic wood and hydrophobic HDPE (Lu

et al. 2000; Son et al. 2003; Chowdhury and Wolcott 2007).

Figure 1 is a comparison of E0 as a function of tem-

perature for the various WPC formulations and neat HDPE,

which showed a considerably lower E0 in all temperature

domains. The value of E0 of the WPCs increased with

higher WF content (WF content of F3[ F2[ F1), indi-

cating enhanced stiffness (E0 of F3[F2[ F1); however,

the formulation F4’s E0 was significantly lower than the

other formulations, indicating that the presence of MAPP

improved the stiffness and enhanced the interaction

between the HDPE and the wood flours.

This result can be attributed to the reinforcing effect

imparted by the combination of the wood component and

MAPP entanglement with HDPE. This allows for a greater

degree of stress transfer from the HDPE to the wood. In

this case, no well-developed rubbery plateau appeared

above the onset point of the relaxation transition in the plot

of E0 versus temperature. The decline of E0 values associ-
ated with temperature showed different degrees of drop for

different formulations.

One peak can be observed within the scanned temper-

ature range in Fig. 1. The temperature at the peak value of

E00 is commonly regarded as the a-transition and is asso-

ciated with the molecular motions of rigid amorphous

Table 1 Formulations of WPC

samples
Material Formulationsd

F1 F2 F3 F4

WFa 50.0 58.9 66.7 60.0

HDPEb 46.7 37.8 30.0 39.0

MAPPc 2.3 2.3 2.3 0.0

Lubricant 1.0 1.0 1.0 1.0

Total 100.0 100.0 100.0 100.0

Flexural modulus (GPa)e 3.9 (3.1) 4.3 (6.6) 5.1 (7.4) 3.4 (15.3)

Flexural strength (MPa)e 38.3 (4.4) 34.3 (3.1) 30.5 (8.8) 21.9 (6.3)

a Mountain pine beetle attacked lodgepole pine wood flour, passing #60 mesh
b High-density polyethylene
c Maleated polypropylene
d The number of the component content is presented in weight percentage
e The results of mechanical tests were published in Chang et al. (2010), and numbers in parentheses are the

coefficients of variation (%)

Eur. J. Wood Prod. (2016) 74:23–30 25

123



polymer chains in the crystalline phase (Samal et al. 2009).

This peak shifts towards a higher temperature with the

coupling agent and additional WF content. In addition, for

a highly crystalline polymer, the a-transition is the major

relaxation below the melting point (Tajvidi et al. 2003),

whereas the glass transition in a highly crystalline polymer

is difficult to identify. Sirotkin and Brooks (2001) men-

tioned that b-relaxation, due to the relaxation of unre-

stricted amorphous part, is usually absent for HDPE, and

only observed in branched polyethylene. However, the c-
relaxation can be detected and accepted as glass transition

in linear polyethylene (Sirotkin and Brooks 2001; Bala-

suriya et al. 2003).

Since the general phase transition is related to the

relaxation of amorphous HDPE chains, this shift indicates

that the mobility of HDPE chains decreased with the

addition of MAPP and higher WF content. This may be

attributed to the restricted motions of the amorphous HDPE

molecule chains at the WF/MAPP/HDPE interface, which

is caused by the covalent interaction between the MAPP

and the wood and the entanglement between the tail of the

MAPP and the HDPE. The similar shifting trend was also

found in Balasuriya et al. (2003) for wood-MAPE (maleic

anhydride modified polyethylene)-HDPE compound, indi-

cating the interaction between wood and coupling agent, in

both crystalline and amorphous phase.

In a composite system, tan d is affected by the incor-

poration of fibers, due to the elastic nature of fibers, the

shear stress concentrations at the fiber ends, and the addi-

tional viscoelastic energy dissipation in the matrix material

(Samal et al. 2009). According to Fig. 2, there were no

apparent peaks of tan d for each formulation, indicating

that the b transition is not the major relaxation process in

neat HDPE or its composites, as previously reported by

Tajvidi et al. (2003).

Tan d changed slowly at temperatures below approxi-

mately 15 �C; however, it increased rapidly above 15 �C.
Moreover, the curves shown in Fig. 2 started to deviate

into two groups: one containing formulations F1–F3 and

the other consisting of formulation F4 and neat HDPE,

which represent coupled and uncoupled systems,

respectively.

Higher tan d values indicate a greater degree of

molecular mobility and correspond to higher impact

strength, toughness and energy dissipation (Sepe 1998).

The difference became even more pronounced at higher

temperatures. Moreover, based on the lower value of tan d,

Fig. 1 Storage modulus (E0)
and loss modulus (E0 0) of WPCs

and HDPE

Fig. 2 Mechanical loss factor (tan d) of WPCs and HDPE
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better interface adhesion was observed in the formulations

that contained MAPP.

HDPE is a type of semi-crystalline polymer with high

degree of crystallinity. Nevertheless, the movement of the

amorphous part, which is associated with the movement of

small groups and chains of molecules in the polymer

structure, all of which are initially frozen, still causes a

reduction of stiffness. The onset of a declining E0 implied

that the amorphous parts started to move with elevated

temperature; whereas a rise of E00 indicated an increase in

the structural mobility of the polymer. These circumstances

may be explained by Table 2, where the temperature at

which the peak value of E00 appeared was close to the

temperature at which the end point of the relaxation for E0

occurred.

The DMA spectrum of MPB lodgepole pine solid wood

was also investigated, as shown in Fig. 3. No major tran-

sition was detected with E0; however, clear peak values of

E00 and tan d appeared at around 50 �C. This may explain

why the peak of E00 for the wood/HDPE composites was

located at a higher temperature (approximately 50 �C) than
that of neat HDPE (42 �C), and also indicate the effect of

the formulation on final properties of composite, when

adding fiber reinforcement and the coupling agent to the

polymeric matrix.

Due to improved bonding between wood flour and

HDPE with the addition of the coupling agent (Lu et al.

2000; Selke and Wichman 2004; Chowdhury and Wolcott

2007), indicating better efficiency of stress transfer from

matrix to fiber, peak values of E00 of coupled WPC products

appeared at approximately the same temperature as that of

wood; whereas this effect was not so significant for the

uncoupled products. These results suggest that the behavior

was that of a composite rather than of two individual

components. This point can be confirmed with the result of

formulation F4: without a coupling agent, the temperature

at which the peak of E00 appeared was not significantly

different from that of neat HDPE.

From the viewpoint of mechanical properties and pro-

duct applications, the change of E0 with temperature is very

important, because E0 directly refers to the stiffness of the

material. Chen and Gardner (2008) also suggest that Tg

should be determined from E0 for the same reason.

E0 should be very close to the complex modulus (E*),

which is equal to the square root of [(E0)2 ? (E00)2], when
material is still in its solid state and when tan d\ 0.1 (Sepe

1998). The modulus of elasticity (MOE) was obtained from

the flexural test conducted at the ambient temperature of

approximately 25 �C; the results of which are summarized

in Table 3, as well as those of DMA E* and E0, at various
temperatures. Within the ambient temperature range of

Table 2 Transition points

Formulation Onset (�C) Mid (�C) End (�C) E0 0 Peak (�C)

F1 10.1 (0.99) 20.6 (1.69) 54.0 (1.01) 51.3 (0.72)

F2 13.8 (0.84) 21.1 (0.72) 50.0 (2.89) 51.5 (0.95)

F3 11.0 (1.22) 21.1 (1.13) 54.7 (1.88) 50.4 (1.35)

F4 11.6 (1.00) 21.2 (1.16) 47.8 (3.53) 44.4 (5.22)

HDPE 12.1 (1.81) 20.0 (2.22) 50.5 (1.64) 42.8 (0.61)

Number in parentheses is the standard deviation

Fig. 3 DMA spectra of

lodgepole pine solid wood
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20–40 �C, DMA E* and E0 were almost the same, since tan

d was still below 0.1, except for formulation F4, where tan

d was 0.1 at approximately 28 �C. However, the flexural

MOE values obtained at around 25 �C were lower than the

dynamic testing results obtained by DMA at the same

temperatures, falling between 30 and 35 �C for formula-

tions F1 and F3, 35 and 40 �C for formulation F2, and 25

and 30 �C for formulation F4.

These results may imply that the DMA method may

overestimate the modulus compared to the conventional

method. This difference should be taken into consideration

when applying DMA modulus values, as the difference

between dynamic loading and static loading may also

contribute to this discrepancy. Furthermore, the tempera-

ture homogeneity may also case the discrepancy. Since

samples used in DMA tests were relatively small, com-

paring with samples for conventional static flexural tests,

the temperature difference between inner and outer parts

may be relatively small, resulting in actual responses of

materials under the testing temperature, whereas temper-

ature gradient may be observed in samples of larger size.

The specimen was isothermally controlled in a furnace

for the DMA test; whereas the specimen in the traditional

method was conditioned and tested in an ambient envi-

ronment. The results of the conventional flexural MOE

may not reflect the real performance of the material at

specific temperatures.

The effect of the formulation on the relaxation transition

of WPCs can be discussed according to several transition

points, including temperatures at the onset, middle and end

points of the transition zone of the E0 curve and the tem-

perature at the peak of the E00 curve. According to the

results, the related relaxation transition was affected by the

different formulations, but not considerably, as indicated in

Table 2.

The predictions of pointers associated with formulations

were studied with the multiple regression method, and the

results are presented in Table 4. As to the midpoint of the

transition, there were no significant differences among the

formulations; whereas the peak value of E00 was highly

associated with the individual formulations. Moreover, the

end point of the E0 transition was not very well accounted

for by the formulations.

The E0 as a function of wood content at various tem-

peratures was plotted as shown in Fig. 4. In order to

eliminate the effect of the coupling agent, the uncoupled

formulation (F4) was not considered in this comparison.

Mahieux and Reifsnider (2002) suggested that filler could

be expected to act as crystallites, which impede molecular

motion and broaden the distribution of secondary bond

strengths. Therefore, the mechanical properties can be

enhanced through the addition of fillers.
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According to the results, a higher wood content resulted

in a higher E0 value at all temperatures; however, this effect

decreased with increasing temperatures. Furthermore, a

higher wood content also resulted in a higher E00 value

(Fig. 5), and this consequence was considerable at the

temperature around which the a-transition took place.

In this study, the E0 versus temperature spectra did not

appear as a clear plateau after transition, which caused

difficulty in determining the end point. However, the end

point was close to the peak of E00. Information about the

transition of the product could be inferred with the pre-

diction of the onset point and the peak of E00 with the

formulation.

Assuming the transition of E0 was considered as a

straight line from onset to the end, the influence of the

formulation can be observed in Table 5. The greater the

slope in absolute values implies a more abrupt transition.

Formulation F3 resulted in the most abrupt transition, yet

retained the highest E0 after transition. Furthermore, com-

pared to neat HDPE, the addition of MAPP and higher WF

content simply increased the modulus value, but did not

significantly change the range of transition.

4 Conclusion

To understand the performance of WPC products at various

temperatures, dynamic mechanical analysis was applied to

obtain the spectra of the storage modulus (E0), loss mod-

ulus (E00) and mechanical loss factor (tan d) within a

temperature range from -50 to 120 �C.
A higher content of wood flour resulted in a higher value

of E0, indicating better stiffness, but resulted in a lower tan

d. The inclusion of a coupling agent (MAPP) also signifi-

cantly increased the E0 value, which can be attributed to the

enhancement of the interface property between wood and

HDPE, coupled by MAPP.

Table 4 Regression equations Variable Regression R2 Adj-R2a SEE
b P

Onset (�C) = -39 ? 4.66 x1 ? 1.27 x2 - 0.0499 x1
2 0.878 0.847 0.68 \0.01

Mid (�C) = 1.6 ? 0.305 x1 - 0.165 x2 - 0.00129 x1
2 0.069 0 0.83 0.891

End (�C) = 331 - 9.23 x1 - 0.204 x2 ? 0.0776 x1
2 0.679 0.598 2.19 \0.01

E0 0 peak (�C) = 399 ? 2.36 x1 - 4.08 x2 – 0.0156 x1
2 0.921 0.902 1.32 \0.01

x1 = WF content (%); x2 = HDPE content (%)
a Adjusted R2

b Standard error of the estimate

Fig. 4 Storage modulus (E0) versus wood content at various

temperatures

Fig. 5 Loss modulus (E0 0) versus wood content at various

temperatures

Table 5 Transition of storage modulus

Formulation Regression* R2

F1 y = -58.539x ? 6125.2 0.9917

F2 y = -63.854x ? 6855.8 0.7335

F3 y = -69.742x ? 7376.8 0.9777

F4 y = -62.212x ? 5160.8 0.9258

HDPE y = -28.072x ? 2297.6 0.9526

* y = Storage modulus; x = Temperature
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The addition of wood and MAPP reduced the mobility

of the macromolecular chains at the fiber surface interface,

the fiber/matrix interaction was increased. This resulted in

a shift of the a-transition temperature towards a higher

temperature range. This may also imply that the WPC is

less susceptible to temperature effects, comparing with

pure HDPE. Moreover, the coupled products retained their

moduli more than uncoupled products.

A higher wood content resulted in a higher E0 value at

all temperatures, although it decreased with elevated tem-

peratures. A higher wood content also resulted in a higher

E00 value; however, this consequence was more consider-

able at the temperature around which the a-transition took

place. Also, the addition of MAPP and a higher content of

wood flour simply increased the value of modulus, but did

not significantly change the range of transition.
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