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Using Non-Destructive Testing to Determine the
Correlation between Dynamic Mechanical Properties
and Bonding Strength of Wood-Plastic Composite
Adhesive Joints
Mei He and Mingwei Di*
Wood-plastic composites (WPC) have been developed into new and
important wood-based composites because of their benefits for the
environment, economy, and recyclability. When combined with structural
adhesives, WPCs will have a greatly broadened application in the
construction field. In this work, epoxy resin and acrylic ester were used to
bond WPC adhesive joints. The shear strength of the adhesive joints
was determined and investigated. Resonant frequency and dynamic
modulus of elasticity (MOE) of the WPC adhesive joints were measured
using the longitudinal vibration method. The correlation between different
vibration parameters and shear strength of WPC adhesive joints was
also investigated. Results showed that the epoxy resin had a better
bonding quality than the acrylic ester on the bonding of WPC adhesive
joints. The resonant frequency, dynamic MOE, and the dynamic MOE
ratio of the WPC adhesive joints had close correlations with their shear
strength for the samples bonded with epoxy resin.
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INTRODUCTION
Wood-plastic composites (WPC), which contain plant fiber and thermosets or
thermoplastics, are very promising and sustainable green materials to achieve durability
without using toxic chemicals (Ashori 2008). The utilizations of WPC in decking,
fencing, railing, siding, and paneling can be effectively extended by adding WPC to
structures (Cheng et al. 2012). During the manufacturing of WPC structures, adhesive
bonding of WPC can achieve a seamless connection of product, overcome the limitations
of the molding process, and enrich the varieties of the wood-plastic composite materials
(Liu et al. 2010). The bonding quality of WPC joints critically affects the strength and
life expectancy of the structure (Gramlich et al. 2006). Because of the low surface energy
(30 mJ/m2), hydrophobic smooth surface and limited functional groups of polyolefins, it
is notoriously difficult to achieve a firm adhesion of WPC (Gupta et al. 2007).
Additionally, the additives (e.g., paraffin) used during the manufacture of WPC further
hinder the formation of excellent WPC adhesion interface. To solve this problem, many
works have investigated many surface modification methods to improve WPC adhesion
including physical methods, chemical methods, and combined methods (Oporto et al.
2007; 2009; Laborie and Gupta 2008; Wolkenhauer et al. 2008; Liu et al. 2010;
Moghadamzadeh et al. 2011).
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Nondestructive testing has been used in the wood industry to sort and grade wood
products over the last few decades, and it has been shown to correlate with standard
evaluation techniques of wood strength (Nzokou et al. 2006). Wood-plastic composites,
as a wood-based composite, have also been evaluated by nondestructive testing (Yu et al.
2012). Although tensile and compression shear testing is widely employed as the
conventional method to determine the bonding quality of WPC joints, nondestructive
testing provides an efficient, rapid, and economic way to determine the bonding quality
(Schroeder et al. 2002). For bonding joint evaluation, many works on nondestructive
testing of adhesively bonded joints using ultrasonic techniques have been carried out
mainly on metal-to-metal joints (Brotherhood et al. 2003; Michaloudaki et al. 2005). Few
attempts, however, have been made to inspect composite-to-composite adhesive joints
(Vijaya Kumar et al. 2013), especially the WPC adhesive joint.
In the present study, epoxy resin and acrylic ester were used to bond WPC
adhesive joints. The shear strength of the adhesive joints was determined and
investigated. The resonant frequency and dynamic modulus of elasticity (MOE) of the
WPC adhesive joints were measured using the longitudinal vibration method. Meanwhile,
the correlations between the different vibration parameters and shear strength of the WPC
adhesive joints were also investigated to explore the dynamic parameters that may reflect
the bonding quality of the WPC joints.

EXPERIMENTAL
Materials
The WPC materials were provided by the Material Science and Engineering
College of Northeast Forestry University (China). The weight percent of the poplar flour
was 60%, and its particle size was in the range of 0.4 to 0.8 mm. High-density
polyethylene (HDPE) was used and the weight percent of it was 30%. HDPE used in this
study (5000S resin, density 0.954 g/cm3, melt flow index 0.7 g/10 min) was purchased
from Daqing Petrochemical Co., China. The other 10% in the WPC was maleic anhydride
polyethylene coupling agent. The mean value of WPC density in this study was 1.175
g/cm3, and the COV of WPC density was 1.4%. Figure 1 shows the distribution of WPC
density in this study. The WPC was sanded using 180-mesh sandpaper. The dimensions
of the WPC used as lap plates were 180 mm × 40 mm × 4 mm. Two lap plates were
adhered together with epoxy resin and acrylic ester adhesives, and the bonding area was 40
mm × 15 mm. The bonded samples were pressed with a clamp. Afterward, the bonded
samples were cured at room temperature for 24 h and then at 50 °C for 4 h. Ten samples
were bonded with an epoxy resin adhesive, and ten samples were bonded with acrylic
ester.
Methods
Nondestructive testing
Nondestructive testing was carried out using a longitudinal vibration method with
an ONO SOKKI CF-5220Z Fast Fourier Transform (FFT) analyzer (Yokohama, Japan), as
shown in Fig. 2. The specimen was supported lightly by the fingers at the center of the
specimen and was tapped by a small hammer at the end of the specimen. The tap tone
was detected by a microphone at the other end of the beam. The resonance frequencies of
the tap tone were identified by a FFT analyzer.
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The Young's modulus of free-free longitudinal vibration Ep was calculated using
Eq. 1 (Hu 2004),
2

Ep

 2lf n 
 
 , n  1,2,3......
 n 

(1)

where, n is the order of resonance mode, fn is resonance frequency of the n-th (first,
second and third…) resonance mode, L is length of the specimen, and ρ is density of the
specimen.

Fig. 1 The distribution of WPC density

Fig. 2. Schematic diagram of the longitudinal vibration test

Shear strength testing
The shear bonding strengths of the WPC were tested according to the Chinese
Standard (GB-T 17517 1998) in a CMT 5504 Universal Mechanical Testing Machine
provided by Shenzhen Xinsansi Co., Ltd. (China).
Statistical Analysis
The linear regression analysis between nondestructive parameters and bonding
properties of WPC joints was performed with Microsoft Excel, and the linear regression
equations and corresponding correlation coefficient (R) were obtained with the software.
To determine the significance of the correlation between nondestructive parameters and
bonding properties of WPC joints, the obtained correlation coefficient was compared to
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the critical value of Pearson product-moment correlation coefficient under the confidence
level of 0.05 (Rn,0.05) (Sigle 2015). In Rn,0.05, “n” stands for the degree of freedom, which
is equal to 2 less than the number of samples, and 0.05 is the confidence level, which
means the confidence interval is 95%. If the absolute value of the correlation coefficient
was above Rn,0.05, there was a significant relationship between nondestructive parameters
and bonding properties. On the contrary, there was no significant relationship between
them.

RESULTS AND DISCUSSION
Bonding Strength
Figure 3 shows the shear strength of the WPC samples bonded with acrylic ester
and epoxy adhesives, respectively. Results indicate that the WPC samples bonded with
epoxy resin had better shear strength than those bonded with acrylic ester. Meanwhile,
the coefficient of variation (COV) of shear strength for the epoxy samples was lower than
that for the acrylic ester samples (11.9% and 16.9%, respectively). Thus, in these
adhesives, epoxy is more suitable for bonding WPC, and it can provide bonding interface
with more stability than acrylic ester.

Fig. 3. Shear strength of the WPC bonded with acrylic ester and epoxy resin adhesives

Results of Nondestructive Tests
The resonant frequency and dynamic MOE of the WPC samples bonded with the
acrylic ester and epoxy adhesives are shown in Figs. 4a and 4b. Results indicate that the
resonant frequency and dynamic MOE of both the epoxy resin and acrylic ester samples
were almost identical. WPC joint samples had varied bonding properties with the COV of
11.9 to 16.9%. And the resonant frequency and dynamic MOE of epoxy samples varied more
greatly than those of the acrylic ester samples, which may reflect the variation of bonding
properties better. Thus, the WPC samples boned with epoxy resin had better vibration
response than those bonded with acrylic ester.
To analyze the influence of the epoxy adhesive on the dynamic properties of the
WPC joint samples, the dynamic MOE of the WPC lap plates before bonding with epoxy
adhesive were also determined as shown in Fig. 4c. It has been reported that the dynamic
MOE of laminiated composites can be calculated according to the following equation (Hu
2004; Chauhan et al. 2005),
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E=EaVa+EbVb+EcVc

(2)

where E, Ea, Eb, and Ec stand for the MOE of the entire composites, laminate a, laminate
b, and laminate c, respectively, and Va, Vb, Vc stand for the volume percentages of
laminate a, b, and c, respectively. The dynamic MOE of two lap of WPC joint sample (Ea
and Eb), and the dynamic MOE of the entire joint (E) were obtained as mentioned above.
According to the Eq. 2, the effective MOE of the WPC joint can be expressed as (Ea +
Eb)/2 when ignoring the influence of bondline. The dynamic MOE ratio of the WPC
samples before and after the bonding process were caculated according to Eq. 3:

E a  Eb
2
R1 
E

(3)

In Eq. 3, R1 represents the influence of bondline on the dynamic MOE of the WPC joint,
as shown in Fig. 4d. It can be seen that the dynamic MOE values of the WPC joint
samples were lower than those of the WPC lap plates, which may be caused by the larger
dimensions of the joint sample. And the dynamic MOE ratios were all larger than 1, and
ranged from 1.00 to 1.12.
a

b

c

d

Fig. 4. Nondestructive testing results of the WPC samples: (a) resonant frequency of WPC
samples, (b) dynamic MOE of WPC samples, (c) dynamic MOE of lap plates, and (d) dynamic
MOE ratio

Correlation between Dynamic Parameter and Shear Strength
To investigate the correlation between the dynamic mechanical properties and the
bonding properties of the WPC samples, regression analysis was conducted between the
different dynamic parameters and shear strength. From the regression analysis between
dynamic mechanical properties (f for resonant frequency, E for dynamic MOE) and shear
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strength (S) of the WPC samples bonded with acrylic ester, the following linear
regression formulas were obtained: S = -0.002f + 12.68, R = 0.161 < R13, 0.05 = 0.514; S = 0.949E + 10.24, R = 0.352 < R13, 0.05 = 0.514. The regression curves between f (or E) and
S are shown in Fig. 5. Results indicate there was no correlation between f (or E) and S for
the acrylic ester samples.
a

b

Fig. 5. Regression curves between (a) f and S and (b) E and S for the samples bonded with
acrylic ester adhesive

b

a

c

Fig. 6. Regression curves between (a) f and S, (b) E and S, and (c) R1 and S for the samples
bonded with epoxy adhesive

From the regression analysis between dynamic mechanical properties and shear
strength of the WPC samples bonded with the epoxy adhesive, the following linear
regression formulas were obtained: S = 0.004f - 14.09, R = 0.654 > R13, 0.05 = 0.514; S =
1.131E – 4.850, R = 0.534 > R13, 0.05 = 0.514. The regression curves between f (or E) and S
are shown in Fig. 6.
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From the regression analysis between the dynamic MOE ratio and shear strength
of the WPC samples bonded with epoxy adhesive (Fig. 6), the following linear regression
formula was obtained: S = -9.485R1 + 14.378, R = 0.589 > R13, 0.05 = 0.514. Results
indicate that the dynamic MOE and dynamic MOE ratio had strong correlation with
bonding strength for the samples bonded with epoxy adhesive. Compared with the
samples bonded with acrylic ester, the samples bonded with epoxy adhesive had better
correlations between the dynamic parameters and the shear strength. The reason may be
that the cured epoxy adhesive led to a higher adhesion of the WPC than the cured acrylic
ester, which will give better adhering behaviors of the samples bonded with epoxy
adhesive on stress and vibration transfer (Yamini and Young 1980; Slone 2002). In this
case, the dynamic parameters of the samples bonded with epoxy adhesive can reflect the
bonding properties more profitably; thus closer correlations between dynamic parameters
and the shear strength can be achieved using the epoxy adhesive. Additionally, it’s
known that the density and stiffness of polymers will influence their vibration behaviors
(Schuyer 1959; Davidse et al. 1962), and the differences between these two adhesives on
density and stiffness will also have an effect on the vibration properties of WPC joints.
For WPC joints bonded with epoxy, it can be seen that all the dynamic parameters
(resonance frequency, dynamic MOE, dynamic MOE ratio) had significant correlation
with the shear strength of them, which may provide a way to predict the bonding quality
of WPC joints with a nondestructive method. However, it is difficult to directly establish
a prediction theory using the resonance frequency or dynamic MOE of WPC joints. The
future study will focus on the calculation of dynamic MOE of bondline based on the
dynamic MOE ratio.

CONCLUSIONS
1. The epoxy resin adhesive had a better bonding quality than the acrylic ester adhesive
on the bonding of WPC adhesive joints. It can also provide bonding interface with
more stability than acrylic ester.
2. The WPC samples bonded with epoxy adhesive had better vibration response than
those bonded with acrylic ester.
3. The resonant frequency, dynamic MOE and dynamic MOE ratio of the WPC
adhesive joints had strong correlation with the shear strength of the WPC joints
bonded with epoxy resin.

ACKNOWLEDGMENTS
This work was supported by the Fundamental Research Funds for the Central
Universities (DL13CB16) and the Special Research Funds for Harbin Science and
Technology Innovation Talent of China (2014RFXXJ066).

He & Di (2015). “Testing of WPC adhesive joints,” BioResources 10(3), 4913-4921.

4919

PEER-REVIEWED ARTICLE

bioresources.com

REFERENCES CITED
Ashori, A. (2008). “Wood-plastic composites as promising green-composites for
automotive industries,” Bioresour. Technol. 99(11), 4661-4667. DOI:
10.1016/j.biortech.2007.09.043
Brotherhood, C. J., Drinkwater, B. W., and Dixon, S. (2003). “The detectability of
kissing bonds in adhesive joints using ultrasonic techniques,” Ultrasonics 41(7), 521529. DOI: 10.1016/S0041-624X(03)00156-2
Chauhan, S. S., Entwistle, K. M., and Walker, J. C. (2005). “Differences in acoustic
velocity by resonance and transit-time methods in an anisotropic laminated wood
medium,” Holzforschung 59(4), 428-434. DOI: 10.1515/HF.2005.070
Cheng, R.-X., Li, Y., Wang, Q.-W., and Zhang, L. (2012). “Bonding properties of
poly(vinyl chloride)-based wood–plastic composites bonded with epoxy adhesive,” J.
Appl. Polym. Sci. 125(1), 175-179. DOI: 10.1002/app.35385
Davidse, P. D., Waterman, H. I., and Westerdijk, J. B. (1962). “Sound velocity and
young's modulus in polyethylene,” J. Polym. Sci., 59(168), 389-400. DOI:
10.1002/pol.1962.1205916815
GB-T17517. (1998). “Adhesives-Wood to wood adhesive bonds-Determination of shear
strength by compression loading,” Chinese National Standardization Management
Committee, China.
Gramlich, W. M., Gardner, D. J., and Neivandt, D. J. (2006). “Surface treatments of
wood-plastic composites (WPCs) to improve adhesion,” J. Adhes. Sci. Technol.
20(16), 1873-1887. DOI: 10.1163/156856106779116623
Gupta, B. S., Reiniati, I., and Laborie, M. P. G. (2007). “Surface properties and adhesion
of wood fiber reinforced thermoplastic composites,” Colloids Surf. Physicochem.
Eng. Aspects 302(1-3), 388-395. DOI: 10.1016/j.colsurfa.2007.03.002
Hu, Y. C. (2004). A Study on Dynamic Properties of Wood-based Composites, Ph.D.
dissertation, Northeast Forestry University, China.
Laborie, M. P. G., and Gupta, B. (2008). “Oxyfluorination of wood-fiber reinforced
thermoplastic composites to improve adhesion,” J. Adhes. 84(10), 830-846. DOI:
10.1080/00218460802443311
Liu, Y., Tao, Y., Lv, X., Zhang, Y., and Di, M. (2010). “Study on the surface properties
of wood/polyethylene composites treated under plasma,” Appl. Surf. Sci. 257(3),
1112-1118. DOI: 10.1016/j.apsusc.2010.08.032
Michaloudaki, M., Lehmann, E., and Kosteas, D. (2005). “Neutron imaging as a tool for
the non-destructive evaluation of adhesive joints in aluminium,” Int. J. Adhes. Adhes.
25(3), 257-267. DOI: 10.1016/j.ijadhadh.2004.06.006
Moghadamzadeh, H., Rahimi, H., Asadollahzadeh, M., and Hemmati, A. R. (2011).
“Surface treatment of wood polymer composites for adhesive bonding,” Int. J. Adhes.
Adhes. 31(8), 816-821. DOI: 10.1016/j.ijadhadh.2011.08.001
Nzokou, P., Freed, J., and Kamdem, D. P. (2006). “Relationship between non-destructive
and static modulus of elasticity of commercial wood plastic composites,” Holz Roh
Werkst. 64(2), 90-93. DOI: 10.1007/s00107-005-0080-x
Oporto, G. S., Gardner, D. J., Bernhardt, G., and Neivandt, D. J. (2007). “Characterizing
the mechanism of improved adhesion of modified wood plastic composite (WPC)
surfaces,” J. Adhes. Sci. Technol. 21(11), 1097-1116. DOI:
10.1163/156856107782105954

He & Di (2015). “Testing of WPC adhesive joints,” BioResources 10(3), 4913-4921.

4920

PEER-REVIEWED ARTICLE

bioresources.com

Oporto, G. S., Gardner, D. J., Bernhardt, G., and Neivandt, D. J. (2009). “Forced air
plasma treatment (FAPT) of hybrid wood plastic composite (WPC)-fiber reinforced
plastic (FRP) surfaces,” Compos. Interfaces 16(7-9), 847-867. DOI:
10.1163/092764409X12477463089116
Schroeder, J. A., Ahmed, T., Chaudhry, B., and Shepard, S. (2002). “Non-destructive
testing of structural composites and adhesively bonded composite joints: Pulsed
thermography,” Compos. A: Appl. Sci. Manuf. 33(11), 1511-1517. DOI:
10.1016/S1359-835X(02)00139-2
Schuyer, J. (1959). “Sound velocity in polyethylene,” J. Polym. Sci. 36(130), 475-483.
DOI: 10.1002/pol.1959.1203613042
Sigle, D. (2015). “Critical values of the Pearson product-moment correlation coefficient,”
Available from: http://www.gifted.uconn.edu/siegle/research/correlation/corrchrt.htm
[Cited May 12, 2015].
Slone, R. V. (2002). “Acrylic ester polymers,” in: Encyclopedia of Polymer Science and
Technology, H. M. Mark (ed.), John Wiley & Sons, New York, 96-124. DOI:
10.1002/0471238961.1921182214152201.a01.pub2
Vijaya Kumar, R. L., Bhat, M. R., and Murthy, C. R. L. (2013). “Some studies on
evaluation of degradation in composite adhesive joints using ultrasonic techniques,”
Ultrasonics 53(6), 1150-1162. DOI: 10.1016/j.ultras.2013.01.014
Wolkenhauer, A., Avramidis, G., Hauswald, E., Militz, H., and Viöl, W. (2008). “Plasma
treatment of wood-plastic composites to enhance their adhesion properties,” J. Adhes.
Sci. Technol. 22(16), 2025-2037. DOI: 10.1163/156856108X332543
Yamini, S., and Young, R. (1980). “The mechanical properties of epoxy resins,” J. Mater.
Sci. 15(7), 1823-1831. DOI: 0022-2461/80/071823-09502.90/0
Yu, G., Hu, Y., Gu, J., and Wang, Q. (2012). “Reliability analysis of wood-plastic planks
based on predicted modulus of rupture,” BioResources 7(4), 5710-5718. DOI:
10.15376/biores.7.4.5710-5718
Article submitted: December 8, 2014; Peer review completed: February 16, 2015;
Revised version received and accepted: May 14, 2015; Published: June 23, 2015.
DOI: 10.15376/biores.10.3.4913-4921

He & Di (2015). “Testing of WPC adhesive joints,” BioResources 10(3), 4913-4921.

4921

