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A new type of electric heating plywood used for indoor heating products 
was made using melamine resin adhesive film (MRAF) as the bonding 
material and carbon fiber paper (CFP) as the electric heating material. 
Hot-press pressure greatly affected the permeation of the adhesive into 
the CFP and bonding performance, resulting in a bonding strength above 
1.8 MPa. The conducting path in the electric heating layer was the main 
factor affecting the drop rate of resistance (DRR). Pressure of around 1.3 
MPa was beneficial in controlling power deviation. Use of the MRAF 
improved insulation and water resistance. The plywood exhibited a 
surface temperature difference of 6 °C under commonly used power. 
Temperature rise exhibited an exponential relationship with heating time, 
and surface equilibrium temperature had a linear relationship with power 
density. The plywood had good power stability because the maximum 
resistance changed by only 0.44% when electricity was overloaded for 
24 h at a power density of 500 W/m2. Stable resistance was presented 
after power was cycled 40 times, and the maximum DRR was 1.25% 
after 120 power cycles. This scheme offers a simple process for large-
scale manufacture of the adopted MRAF, which has good bonding 
performance and electric heating stability.   
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INTRODUCTION 
 

With the gradual growth in heating demand and living standards, traditional 

ground heating systems with wooden flooring as the surface decorative material have 

rapidly developed due to their aesthetic appeal. Ground heating systems have been 

prepared with carbon fiber composite (Lundstrom et al. 2017), an electric heating film 

made of conductive ink (Ma et al. 2011) and hot water (Ma et al. 2014) as heating 

material. Recently, new kinds of integrated wooden electric heating functional composite 

and floor product with a built-in electric layer have emerged (Yuan and Fu 2014; Yuan et 

al. 2015). Used heating materials such as electric heating membranes (Li et al. 2009), 

carbon fiber paper (Yuan and Fu 2014; Song et al. 2015), and electric heating coating 

made with graphite and carbon black (Wang 2012), assembled with electrodes, are 

bonded by gluing technology with wooden substrates. The electric heating layer of the 

composite was laid as close to the surface as possible to ensure low heat resistance 

between the electric heating layer and the surface and high-efficiency heat transfer and 

heat utilization of the structure. For example, the electric plywood prepared with the 

optimal conductive adhesive had a 15.4 °C temperature rise (TR; the difference between 
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plate temperature and environment temperature) in 15 min under only 30 W of power 

(Hua and Fu 1995). Carbon fiber paper  (CFP) with better electrical conductivity and 

wood veneer was assembled to prepare a three-layered electric heating plywood, which 

had a 20 °C TR in 10 min under 500 W/m2 power density (Yuan and Fu 2014). The 

surface TR speed of the traditional ground heating wooden flooring above the heating 

panel was slower, taking more than 60 min to reach a 20 °C TR when the panel was set to 

45 °C (Seo et al. 2011). Consequently, this kind of integrated wooden electric heating 

composite and floor product had an excellent heating speed. To improve the bonding 

performance of the electric heating layer, nitrogen plasma modification methods and a 

waterborne polyurethane treatment were used to treat the CFP.  

Results of infrared analysis showed an increase in –NHCOO groups, which indicated that 

the bonding performance was enhanced (Song et al. 2015). The adhesive for gluing the 

carbon fiber membrane (the paper electric heating material) and the wooden substrates 

was a modified urea formaldehyde resin and another liquid adhesive, which is now 

commonly used as well. After the surface of the wood substrate was coated with liquid 

adhesive by roller coating, the substrate was bonded with the electric heating membrane 

by hot pressing, which resulted in good bonding performance (Yuan and Fu 2014). 

However, this method cannot guarantee thickness uniformity in the glue layer, and due to 

the glue’s pre-viscosity, it prevents the adjustment of the position of the electric heating 

membrane in the assembly process, which can cause problems such as the membrane 

folding, affecting the uniformity of electric heating temperature, power deviation, and the 

product qualification ratio.  

This kind of functional composite and flooring product must have certain 

insulation and waterproof properties. Although the commonly used modified urea 

formaldehyde resin can permeate the CFP (heating membrane), contribute to forming a 

certain coating for the membrane (Yuan et al. 2014), and achieve a maximum bonding 

strength of 1.31 MPa, the surface roughness of the wooden substrate made it difficult to 

form a thick and uniform glue layer. Furthermore, the insulation and water resistance 

needed to be strengthened. Epoxy resin prepreg was used by Yang et al. (2000) to 

improve the insulation performance of carbon fiber electric heating membrane. The 

prepreg with enhanced glass fiber inside, bonded with wooden substrate, was easily 

stressed, leading to deformation. Therefore, to solve assembly problems and improve the 

bonding process and insulation safety, this research adopted half-solidified melamine 

resin adhesive film (MRAF) as the bonding material to manufacture the electric heating 

plywood. A thin film of MRAF can be quickly laminated with wooden substrate and 

electric heating membrane to form the plate blank which can be immediately transferred 

to hot press with no need for open assembly as in the case where a liquid adhesive is 

being used. Also, it would be very easy to adjust and amend the relative position to the 

substrate and electric heating layer in the assembly process, since it does not have pre-

viscosity. The insulation and water resistance performance of electric heating layer could 

be further improved because of the thickness uniformity of MRAF. The change rate of 

resistance before hot pressing and after hot pressing and the change law of bonding 

performance of the electric heating layer were analyzed by orthogonal experiment, with 

microscopic analysis revealing the change mechanism and observing the thickness of the 

carbon fiber layer and insulating layer (electric heating layer included both layers).  

Besides, electric heating performance, stability of temperature, and resistance in the 

heating process were analyzed to provide theoretical and technological references for 
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application and technology debugging in the industrial production of this functional 

composite.  

 

EXPERIMENTAL  
 

Materials 
 The sheet resistance of CFP was about 200 Ω/sq with an average thickness of 0.08 

mm and an average width of 140 mm. Copper foil, with a thickness of 0.02 mm, was 

supplied by the Dongguan Shichengjin Co. Ltd (Dongguan, China). Plywood substrate, 

with a 3-layer eucalyptus veneer structure, a thickness of 4 mm, and a moisture content of 

10% to 12%. The 0.06 mm thick MRAF was provided by the Nanning Haichuan 

Decorative Materials Factory (Nanning, China).  

             

Methods 
Preparation of the electric heating membrane 

Figure 1 shows the structure of the electric heating membrane. First, the CFP was 

cut into 550 mm pieces. Next, copper foil was cut into 10 mm in width and 250 mm in 

length. Finally, two copper foil electrodes were pasted on two ends of the CFP (Fig. 1) 

with a small amount of tape, and the initial resistance of the CFP was tested.  

 

Fig. 1. Structure of the electric heating membrane  
 

Preparation and research method of the electric heating plywood  

Plywood substrates were cut into 550 mm × 160 mm pieces using the MJ263C-

28/45 sizing saw machine (Zhejiang Shunxin Machinery Co., Ltd., Yueqing, China). The 

MRAFs were cut into a size slightly larger than that of the substrates. To improve the 

dimensional stability and resistance stability (power stability) of the plywood, the three-

layer plywood substrate and electric heating layer was symmetrically assembled. Figure 2 

shows the structure of the plywood. The assembly was then loaded in the hot press 

machine (XLB100-D plate vulcanization hot press machine, Huzhou Xingli Rubber 

Machinery Manufacturing Co., Ltd., Huzhou, China) to make the electric heating 

plywood using the following hog-press process in which the resistance between two 

electrodes was tested during hot pressing.  

 
 

Fig. 2. The cross section of the electric heating plywood (the electric heating layer consists of 
MRAF, CFP and electrodes) 
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An orthogonal experiment was used to optimize the hot-press process of the 

plywood in this study. After preliminary tests, the hot-press pressures of 0.8 MPa, 1.3 

MPa, and 1.8 MPa were adopted. The plate temperature was set to 135 °C, 150 °C, and 

165 °C. The hot-press unit time was set to 96 s/mm, 78 s/mm, and 60 s/mm, which 

should be multiplied to the corresponding thickness of the plywood before bonding to get 

the actual hot-press time value. The orthogonal experimental factors are shown in Tables 

1 and 2. Each combination was repeated three times.  

 

Table 1. The Levels of the Orthogonal Experimental Factors  

No.   Pressure (MPa)  Temperature (°C) Time (s/mm) 

1 0.8 135 96 

2 1.3 150 78 

3 1.8 165 60 

 

Table 2. Designs for the Orthogonal Test L9 (34)  

No. Pressure (MPa) Blank Temperature (°C) Time (s/mm) 

1# 1(0.8) 1 1(135) 1(96) 

2# 1(0.8) 2 2(150) 2(78) 

3# 1(0.8) 3 3(165) 3(60) 

4# 2(1.3) 1 2(150) 3(60) 

5# 2(1.3) 2 3(165) 1(96) 

6# 2(1.3) 3 1(135) 2(78) 

7# 3(1.8) 1 3(165) 2(78) 

8# 3(1.8) 2 1(135) 3(60) 

9# 3(1.8) 3 2(150) 1(96) 

 

After hot pressing and cooling for 24 h, the resistance between two electrodes was 

tested, and the drop rate of resistance was calculated. Bonding performance, electric 

heating performance, surface temperature distribution, resistance in the heating process, 

and the micro-distribution of carbon fibers in the electric heating layer were 

systematically tested and analyzed.  

 

Drop rate of resistance (DRR) test 

The resistance of the electric heating membrane before hot pressing was tested 

using a homemade fixture and the FLUKE 15B+ digital multimeter (Anhui Shifu 

Instrument Co., Ltd., Wuhu, China) as shown in Fig. 3.  

The resistance after hot pressing was measured with the multimeter until the 

electric heating plywood was cooled at room temperature for 24 h. The resistance during 

the hot pressing process (plate temperature of 165 °C, hot-press unit time of 60 s/mm, 

and hot-press pressures of 0.8 MPa, 1.3 MPa and 1.8 MPa, respectively) was measured 

with the multimeter when the hot-press pressure reached one third of the preset pressure, 

two thirds of the preset pressure, the preset pressure, every 20 s during the pressure 

maintaining process, the moment the pressure was relieved, and the state after cooling.  

DRR was defined as the percentage difference of each resistance compared with 

the resistance of the electric heating membrane before bonding.  
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Fig. 3. Test method for resistance of electric heating membrane with a homemade equipment  

              

SEM analysis of the electric heating layer  

The micro-distribution of carbon fibers and the microtopography of the electric 

heating layer were observed using an S-34000N scanning electronic microscope (SEM; 

Hitachi, Tokyo, Japan). Specimens of about 2 mm × 2 mm (supposed to expose carbon 

fibers sufficiently for the purpose of observing the rip surface and micro cross section) 
sputter-coated with a gold alloy, were attached to a stub with conductive tape.  

 

Bonding performance test  

First, the specimens that were divided into 9 groups, each containing 5 specimens 

according to the combinations, were made according to GB/T 9846 (2015) using the 

sizing saw machine. The bonding strength and wood failure rate of the electric heating 

layer were tested using a CMT5504 universal mechanical testing machine (Shenzhen 

Xinsansi Material Detection Co., Ltd., Shenzhen, China).  

The immersion-peel test was conducted according to GB/T 18103 (2013).  

Specimens of 75 mm × 75 mm were divided into 9 groups, each containing 6 specimens 

according to the combinations. The specimens were soaked in water at 70 °C ± 3 °C for 2 

h and then dried at 63 °C ± 3 °C in a 101-2 type thermostatic oven (Shanghai Dongxing 

Building Materials Test Equipment Co., Ltd., Shanghai, China) for 3 h. Finally, the 

length of the bonding layer cracks, the cracks in the electric heating layer, and the cracks 

in the parts built-in electrode were measured.  

 

Electric heating performance and surface temperature distribution test  

The optimal composite process was supposed to have been determined at this 

stage. A power density of 300 W/m2 was applied to the electric heating plywood made by 

the optimal composite process for 50 min using a TDGC2-1000VA voltage regulator 

(Delixi Electric Co., Ltd., Wenzhou, China) to adjust power. The surface and the bottom 

temperature were monitored using a SIN-R960 eight-channel temperature recorder 

(Hangzhou Sinomeasure Automation Technology Co., Ltd., Hangzhou, China). The 

temperatures of four points (points A, B, C, and D in Fig. 4) on both the surface and the 

bottom were tested. The test room temperature was kept at about 22 °C.  

As shown in Fig. 4, the temperature distribution of the 30 points (5 × 6) on the 

surface was tested using a VC 303b infrared thermometer (Changsha Taishi Instruments 

Equipment Co., Ltd., Changsha, China) after heating equilibrium. The unevenness (the 

difference between the maximum and minimum temperature) of the temperature 

CFP 

Multimeter 

Homemade fixture 
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distribution was calculated according to the central 12 points (black dashed box area in 

Fig. 4).  

 
 

Fig. 4. Test points for the temperature distribution after heating equilibrium (note that the power 
density only covers the valid heating area between two electrodes)  

 
In addition, the electric heating performance of the plywood under different 

power densities (100 W/m2, 300 W/m2, 500 W/m2, 700 W/m2, and 900 W/m2) applied for 

2 h was measured by recording surface temperature (temperature was recorded every 10 

s). The commonly used power density was about 300 W/m2.  

 

Resistance test in the heating process  

A power density of 500 W/m2 was applied to the electric heating plywood. The 

resistance was measured at 2 h, 6 h, 11 h, and 17 h during applied electricity and 24 h 

after applied electricity.  

The effect of number of power cycles of applied electricity on resistance was also 

studied. The resistance was tested when the on-off frequency reached 1 time, 5 times, 10 

times, 20 times, 40 times, 80 times, and 120 times, respectively.  

Note that the period without electricity must be limited to 20 s when using the 

multimeter to test the above resistance.  

 

Data analysis  

The data obtained from tests such as bonding strength and DRR, were used to find 

trends using OriginPro 8.0 (OriginLab Corporation, Northampton, USA), which was also 

used to indicate an equilibrium temperature distribution map and fit the relationship 

between time-TR and power density-TR and determine its correlation coefficient (R2). 

The range analysis of orthogonal test was used to determine the factors related to bonding 

strength and DRR.  

 

 
RESULTS AND DISCUSSION  
 

Influence of Pressure on DRR  
The initial resistance of the electric heating membrane was about 800 Ω to 900 Ω, 

and the resistance after bonding was about 400 Ω to 550 Ω. Therefore, the resistance of 

the electric heating layer decreased and the DRR was between 40% and 51%, as seen in 

Table 3.  

The order of the factors, in order of strength of effect (strongest to weakest), is 

A > B > C, followed by their R value in Table 3. As shown in Fig. 5, a higher pressure 

resulted in a larger DRR value to a certain extent. However, the upward trend weakened 

after 1.3 MPa, and the other factors had slight influence on that.  

A B 

C D 
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Table 3. Results of the Orthogonal Experiment  

NO. Pressure (MPa) Blank Temperature (°C) Time (s/mm) DRR (%) 

1# 1(0.8) 1 1(135) 1(96) 40 

2# 1(0.8) 2 2(150) 2(78) 41 

3# 1(0.8) 3 3(165) 3(60) 40 

4# 2(1.3) 1 2(150) 3(60) 49 

5# 2(1.3) 2 3(165) 1(96) 49 

6# 2(1.3) 3 1(135) 2(78) 45  

7# 3(1.8) 1 3(165) 2(78) 50 

8# 3(1.8) 2 1(135) 3(60) 49 

9# 3(1.8) 3 2(150) 1(96) 51 

K1 121 139 134 140  

K2 143 139 141 136  

K3 150 136 139 138  

k1 40.33 46.33 44.67 46.67  

k2 47.67 46.33 47.00 45.33  

k3 50.00 45.33 46.33 46.00  

R 9.67 1.00 2.33 1.33  

Note：K is the sum of the same level’s experimental results (DRR) of each factor. k is the 

average of corresponding K value. And R is the difference between the maximum and 
minimum of k value, i.e. the range of k. 

 

   
(a)     (b)     (c) 

Fig. 5. Relationship between DRR and hot-press factors  

 

CFP has an excellent electrical conductivity because carbon fibers are connected 

to each other, forming a conductive network structure, as shown in Fig. 6. During the hot-

press process, the pressure enabled carbon fibers to approach more closely, causing 

contact between previously uncontacted fibers, which increased the conductive channels, 

causing the resistance of the CFP to decrease (Yuan and Fu 2014; Yuan et al. 2014; Qiu 

et al. 2017). In the end, the solidification of the MRAF retained the lap between carbon 

fibers, which kept the resistance of the CFP stable after bonding. The hot-press 

temperature and time were also the main factors affecting solidification. As shown from 

Fig. 5b and c, different levels of temperature and time in this scheme endowed a 

relatively stabilized DRR for the plywood, which would be conducive to control the 

commonly existed power deviation problem.   
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(a) (b) 

Fig. 6. Micro distribution of carbon fiber in CFP    

 

Figure 7 shows the micro distribution of the electric heating layers prepared under 

the different pressures of 0.8 MPa, 1.3 MPa, and 1.8 MPa. After curing, the MRAF 

coated the conductive network of the CFP firmly. As pressure increased, more 

opportunities for potential contact points in the network formed. Furthermore, the 

pressure caused a full adhesive permeation, forming an effective agglutination, which 

provided good laps with constant and strong adhesive force.  

 

  
(a) 0.8 MPa (b) 1.3 MPa 

 

Fig. 7. Micro distribution of the electric heating layer 
 

Figure 8 shows the trend of DRR in the hot-press process. At the pressures of 1.3 

MPa and 1.8 MPa, DRR fell rapidly at the beginning of the pressurized stage. As the 

pressure reached pre-set pressure and 60 s later, the resistance began to exhibit slight 

variation, yet it needed more time to stabilize at the pressure of 0.8 MPa. As the process 

continued, the resistance tended to be stable. Finally, the resistance rebounded a small 

amount as the temperature dropped while cooling for 24 h. The pressure made more 

chopped carbon fibers overlap each other. When some carbon fibers slid into a closer 

position, more carbon fibers contacted each other, and the resistance decreased (Yuan and 

Fu 2014; Qiu et al. 2017). The decreased resistance remained in the pressure holding and 

unloading stage, which was further evidence that pressure played a decisive role in the 

resistance change.  
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Fig. 8. DRR during the process of hot press. H1 represents a third preset pressure, H2 represents 
two thirds of the preset pressure, H3 represents the preset pressure, H20~H380 represent stages of 
every 20s, and Hu represents the moment unloading, while Hc represents the state after it was left 
to cool for 24 h.  
 

Influence of Different Composite Process on Bonding Performance  
Table 4 shows the results of the bonding strength tests. It is worth noting that all 

bonding strengths were more than 1.8 MPa. The wood failure rate of specimens made 

under the pressures of 1.3 MPa and 1.8 MPa was desirable (approximately 100%), but 

specimens under 0.8 MPa had lower wood failure rate.  

 

Table 4. Results of the Orthogonal Experiment  

No. Pressure (MPa) Blank Temperature (°C) Time (s/mm) Bonding Strength (MPa) 

1# 1(0.8) 1 1(135) 1(96) 2.12 

2# 1(0.8) 2 2(150) 2(78) 2.03 

3# 1(0.8) 3 3(165) 3(60) 1.76 

4# 2(1.3) 1 2(150) 3(60) 1.90 

5# 2(1.3) 2 3(165) 1(96) 2.56 

6# 2(1.3) 3 1(135) 2(78) 2.60 

7# 3(1.8) 1 3(165) 2(78) 2.77 

8# 3(1.8) 2 1(135) 3(60) 2.49 

9# 3(1.8) 3 2(150) 1(96) 2.11 

K1 5.91 6.79 7.21 6.79  

K2 7.06 7.08 6.04 7.40  

K3 7.37 6.47 7.09 6.15  

k1 1.97 2.26 2.40 2.26  

k2 2.35 2.36 2.01 2.47  

k3 2.46 2.16 2.36 2.05  

R 0.49  0.20  0.39  0.42   

Note：K is the sum of the same level’s experimental results (Bonding Strength) of each factor. 

k is the average of corresponding K value. And R is the difference between the maximum and 
minimum of k value, i.e. the range of k. 
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The R value of bonding strength in Table 4 shows that the pressure had a larger 

influence. As shown in Fig. 9a, the trend was almost flat after 1.3 MPa. There was little 

difference in bonding strength between 1.3 MPa and 1.8 MPa. Thus, the microstructure 

of the rip surface of the electric heating layer under the pressures of 0.8 MPa and 1.3 

MPa, illustrated in Fig. 10, indicated that the layer under 1.3 MPa was denser. It was 

more likely to form interspaces among wood fiber and carbon fiber in the layer under 0.8 

MPa due to the effect of pressure on the extent of permeation of MRAF into the wood 

fiber and carbon fiber. Figure 9b shows that its bonding strength was above 2.0 MPa 

under the temperature of 135 °C, but it could not be further improved as the temperature 

raising. The results could be attributed to that excessive temperature would shorten the 

time of the adhesive to melt and permeate in the electric heating layer. As another 

important factor for the solidification of adhesive, when hot-press time increased from 60 

s/mm to 78 s/mm, a slight addition of the strength can be seen in Fig. 9c, which can be 

attributed to the more sufficient solidification of the MRAF.  

 

   
      (a)        (b)        (c) 

 

Fig. 9. Relationship between bonding strength and hot-press factors  
 

  
(a) 0.8 MPa (b) 1.3 MPa 

 

Fig. 10. Microstructure of rip surface in electric heating layer  

 

 The immersion-peel test results found that the 54 tested specimens were not 

disqualified. As shown in Fig. 11, the glue layer of the electric heating plywood substrate 

was not degummed. The electric heating layer was not degummed either, including the 

parts where electrodes were covered, indicating that the MRAF was suitable for gluing. 

In other words, pressures from 0.8 MPa to 1.8 MPa could not weaken the bonding 

strength of the glue layer in the electric heating plywood substrate.   

 

The area without adhesive 
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Fig. 11. The result of immersion-peel tests of a specimen   
 

Analysis of Capability of Insulation and Water Resistance of the Electric 
Heating Layer  

Figure 12 shows the electric heating layer between two substrates. The thickness 

of the electric heating layer was about 0.15 mm, and it was about 0.2 mm (MRAF 0.06 

mm + CFP 0.08 mm + MRAF 0.06 mm) before hot pressing. As shown in Fig. 7, the CFP 

was encapsulated by the MRAF and permeated fully by its adhesive, which enhanced the 

properties of insulation and water resistance due to the toughness, chemical resistance 

(El-Sayed et al. 2006),  and electric insulation of the melamine resin (Liu 1988). 

Compared with the composite made with liquid adhesive by Yuan and Fu (2014), this 

plywood showed better insulation and water resistance. Also, the efficiency of the 

process was greatly improved by using half-solidified adhesive film during assembly.  

 

 
 
Fig. 12. Micro cross section of the electric heating layer 
 

Discussion and Determination of Optimal Composite Process   
Through the comprehensive analysis of bonding performance and the DRR above, 

and in view of that the adhesion properties of plywood are related to the safety, the 

bonding performance should be the main factor considered.  

The ideal value of hot-press pressure was 1.3 MPa because the specimens bonded 

under 0.8 MPa had lower performance on wood failure rate and bonding strength. The 

DRR and bonding strength increased by a small amount as specimens bonded under 1.8 

Electrode 

Soaked in water 

Dried 

Electric heating layer 
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MPa, but the higher pressure required more energy. Further, DRR tended to be relatively 

stable after 1.3 MPa, which indicates that the pressure in this range was beneficial in 

controlling power deviation.  

The plate temperature and hot-press time were not very important to bonding 

strength and DRR. Thus, the plate temperature was set to 135 °C to minimize energy 

consumption. For hot-press time, 60 s/mm was ideal for enhancing the efficiency of 

practical production. Therefore, the final optimal composite process for the electric 

heating plywood was a hot-press pressure of 1.3 MPa, a plate temperature of 150 °C, and 

a hot-press time of 60 s/mm.  

 

Time-temperature Property of The Electric Heating Plywood  
            Figure 13 shows that the temperature changed after a power density of 300 W/m2 

was applied to the plywood. The surface of the plywood reached a stable TR of about 

17 °C in 1800 s (0.57 °C /min) and the TR of the bottom was about16 °C in 1710 s 

(0.56 °C /min). The TR curves were similar. Both exhibited an exponential function 

relationship (surface Eq. (1); bottom Eq. (2) and correlation coefficient (R2)) with heating 

time, but the surface TR was slightly higher than that of the bottom even though it was 

the symmetrical structure.  
 

y = 16.92 - 17.46 e-x/542.98  (R2 = 0.998)                                                   (1)  

y = 15.87 - 16.47e-x/510.48    (R2 = 0.998)                                                   (2)  

 

 
 

Fig. 13. Time-temperature property of the electric heating plywood  

 

Figure 14 shows the surface temperature distribution of the electric heating 

plywood. The plywood temperature distribution had differences of about 6 °C, 6.5 °C, 

and 7.7 °C between maximum and minimum temperatures under the power densities of 

300 W/m2, 500 W/m2, and 700 W/m2, respectively, in the central area (black dashed box 

area in Fig. 4). The temperature distribution under the commonly used power density of 

300 W/m2 met the requirement of JG/T 286 (2010). However, the temperature 

distribution was less uneven than that of the composite described by Yuan and Fu (2014). 

The heterogeneous texture of the eucalyptus veneer, the thicker substrate, and larger 

reference area for calculating the unevenness contributed to the temperature distribution. 
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The temperatures of electric heating plywood edges were lower than the temperatures of 

the central areas for the edges had a faster heat dissipation speed (Hua and Fu 1995).  

 

 

(a) 300 W/m2 

  

(b) 500 W/m2                                             (c) 700 W/m2  

Fig. 14. Three-dimensional equilibrium temperature distribution map (environment temperature 
about 22 °C)  

 

           Figure 15 shows the equilibrium TR under various power densities. As shown by 

the R2 value of 0.99 obtained with Eq. 3, the TR had a good linear relationship with 

power density, which was also reported by Yuan and Fu (2014). Figure 16 demonstrates 

that the change trend of TR under different power densities was similar in that the current 

first increased rapidly and later leveled off. A stable TR was achieved at about 30 min.  

y = 1.48 + 0.05x                       (3)  
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Fig. 15. Relationship between power density and TR  

 

 
 
Fig. 16. Relationship between heating time and TR with power densities for 2 h  
 

Analysis of Resistance Stability in the Heating Process  
The resistance of the electric heating plywood changed a small amount under a 

power density of 500 W/m2 for 24 h, as shown in Fig. 17. The resistance decreased as the 

heating time extended, but the maximum DRR was only 0.44% with a maximum TR 

difference of only 0.3 °C. The electric heating plywood using the half-solidified adhesive 

film as its gluing material had a better ability to control power, evidenced by its lower 

DRR value (i.e., better resistance (power) stability), than the composite prepared by Yuan 

and Fu (2014). Figure 18 shows that resistance declined before the 40th power cycle, and 

remained unchanged later, with the DRR at 1.25% when it was stable.  

            Based on the above microstructure in the electric heating layer, there was impure 

material on the surface of the carbon fiber. Also, there was cured adhesive in the 

conductive network, which could have formed a fragile interface with low conductivity 

between any two carbon fibers, hindering the movement of electrons in the conductive 

network. Under the synergistic effect of the electric field and heat field formed after 

power was applied, the fragile interface in the electric heating layer broke down (Yang et 

al. 2000), which increased conductive pathways. More pathways in the electric heating 

layer lead to better conductivity (Hung et al. 2015). Thus, the resistance decreased.  
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Fig. 17. Relationship between resistance and heating time 
 

 
 

Fig. 18. Relationship between resistance and on-off times  
 
 
CONCLUSIONS 
 

1. The orthogonal experiment results for plywood show that the pressure affected the 

permeation of the adhesive into the carbon fiber paper (CFP). The pressure was the 

main factor that affected the drop rate of resistance (DRR), bonding strength, and 

wood failure rate, with an improved bonding strength of above 1.8 MPa in this study. 

The optimal composite process was a hot-press pressure of 1.3 MPa, plate 

temperature of 150 °C, and hot-press time of 60 s/mm. DRR tended to be relatively 

stable after 1.3 MPa, which indicated that the pressure in this range was beneficial for 

controlling power deviation.  

2. The speed of heat transfer toward the surface of the plywood and the speed of heat 

transfer toward the bottom of the plywood were very similar. The central area had a 

uniform temperature distribution with a temperature difference of 6 °C under the 

commonly used power density of 300 W/m2. The temperatures of electric heating 

plywood edges were lower. 
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3. The temperature rise (TR) of the surface and the TR of the bottom exhibited 

exponential relationships with heating time. The thermal resistance to the surface was 

lower than that to the bottom due to the fact that the TR of the surface was a bit 

higher than that of the bottom, which was favourable for effective heat utilization. 

The tendency of the TR under various power densities was similar. Further, the 

equilibrium temperature of the surface had a significant linear relationship with the 

power density.  

4. The electric heating plywood had good power stability as the maximum resistance 

changed by only 0.4% after overloading electricity for 24 h under a power density of 

500 W/m2. The resistance was stable after the 40th power cycle, and the maximum 

DRR was 1.25% with 120 power cycles.  

5. Scanning electron microscope (SEM) analysis of the micro structure in the electric 

heating layer showed that using the plywood adopted melamine resin adhesive film 

(MRAF) as an adhesive would improve insulation and water resistance. This scheme 

offered a simple process for large-scale manufacture of the adopted MRAF, which 

exhibited good bonding performance and electric heating stability.   
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