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Abstract

:

Information on the weathering behaviour of Cunninghamia lanceolata (Lamb.) Hook. is needed to provide references for wood weatherproof pre-treatment and to improve wood utilization. Therefore, this study was conducted to understand the variation in the intrinsic weathering behaviour of Cunninghamia lanceolata (Chinese fir) under natural conditions. Wood samples from 15 Cunninghamia lanceolata trees aged 26–30 years old were used. The structural degradation and discoloration of wood surfaces before and after exposure were compared. The results show that the weathering behaviour of wood was weakened from heartwood to sapwood and enhanced from the bottom to the top. This study provided information for weatherability research and improved wood utilization of Cunninghamia lanceolata.
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1. Introduction


Cunninghamia lanceolata (Lamb.) Hook. is a member of the family Cupressaceae. It is an evergreen tree that can grow up to 50 m in height and over 3 m in diameter. It forms mixed broad-leaved forests or small, pure stands, rocky hillsides, roadsides, with altitudes ranging from 200 to 2800 m [1]. It grows naturally in China, Laos, Vietnam, Malaysia, and Cambodia. Plantations have been established in countries including Argentina, Japan, New Zealand, South Africa. It adapts to the climatic conditions with an annual average temperature of 16–19 °C, extreme minimum temperature of −15 °C, and annual precipitation of 900–2350 mm. Its advantages are excellent material properties, attractive scent, moderate hardness, straight texture, and easy processing. In China, Cunninghamia lanceolata accounts for 20%–30% of the total commercial timber production [2,3,4]. In recent years, about 400,000 ha. of plantations have been established annually by seedlings and cuttings in Southeastern China [5].



Cunninghamia lanceolata (Chinese fir) has a fragrant smell and contains cedar camphor [6]. After the decay test using Postia placenta and Trametes versicolor, Chinese fir was classified as a slightly durable wood. It showed moderate resistance to termites either in the laboratory or in the field [7]. It has been widely used for constructing buildings, bridges, ships, and lamp posts in furniture manufacturing and for producing wood fibre [1,3,4]. Therefore, Chinese fir is extensively used in outdoor environments. For example, it has been used as the main building material of Chinese Dong minority drum towers and wind and rain bridges [8,9]. Despite the multiple studies on the wood properties of Chinese fir, there are still many unknowns regarding its weathering. Studying the weathering behaviour is important because it can aid in determining the most effective treatment methods and guide the establishment and refinement of Chinese fir weathering protection methods.



Differences in weathering behaviour exist among various species [10,11,12,13,14,15,16]. According to the variation in the wood properties of different positions within the same tree species [17,18,19,20,21], it is inferred that there are also differences in degradation characteristics inside the wood. The study of natural weathering usually involves a long-term research study. Problems such as missing samples during experiments would affect the accuracy of experimental results. However, differences in artificial weathering test results occurred in previous research studies, and these tests cannot completely replace natural weathering [22,23]. In the current study, the effects of weathering on wood began with the exposure of samples to natural conditions [24,25]. Effects of weathering on wood could be obtained in a short period by focusing on the changes in the wood surface. The purpose of this study is to clarify the variation in intrinsic weathering behaviour of Cunninghamia lanceolata. We completed a short outdoor exposure experiment and observed the aging differences within trees of Cunninghamia lanceolata along the radial and axial directions. To attain these objectives, colour and anatomical structure were used to compare and analyse changes in the surface of the wood. This study obtained information on degradation characteristics, which provided references for the study on the weatherability of Cunninghamia lanceolata.




2. Materials and Methods


2.1. Wood Sample Preparation


Fifteen trees aged 26–30 years and without any major defects were selected. Each tree sample was cut from a 2.5 cm thick log at 1, 2, 3, and 4 m above the ground. The surfaces of the samples were smoothed by sanding with abrasive paper. As shown in Figure 1, for the selected samples, the grain was required to be straight, and there were no nodes or visible defects.




2.2. Density


As shown in Figure 2, due to the different growth rings, at 1, 2, 3, and 4 m from the ground, a sample of each of three growth ring position was cut to measure the density of the wood. The total sample number of this experiment was 540.



Wood density measurement samples were placed in a conditioning room at 20 °C and 65% relative humidity. The moisture content of wood was maintained at 10–12%. The instrument used to measure density was an electronic densimeter (MD-300S, Alfa Mirage, Tokyo, Japan) [26]. The device adopted Archimedes’ principle and the determination of the value of relative density was based on a 1 g/cm3 water density at 4 °C. As shown in Figure 3, the measurement procedure was as follows. Firstly, the sample was weighed. Secondly, it was placed in water. Finally, the density of sample was calculated to be stable [27]. In this experiment, each sample took roughly the same amount of time to enter the water, and the values quickly reached equilibrium. Therefore, the effect of the wood absorbing water was ignored. In total, 540 samples were measured by this method.




2.3. Weathering Conditions


Samples were exposed to natural conditions over a period of 30 days. The samples were placed outdoors in a complete block design, facing equatorially (south), and at an angle of 45° to the horizontal, in Fukuoka (latitude 33° north), Japan, during the summer of 2017, as shown in Table 1 [28]. Fukuoka has a humid subtropical climate. The Scheffer index values of Fukuoka are in the range between 82 and 95 using 50 year climate data (1969 to 2019) [29,30]. At the end of 6 days of exposure, all of the specimens were retrieved from the weathering racks and measured in a laboratory, after which they were placed back on the racks. This process was repeated after 12, 18, and 30 days of exposure [31]. After each exposure, all of the samples were lightly blown with nitrogen to remove dust from the exposed surfaces.




2.4. Low-Vacuum Scanning Electron Microscopy


As shown in Figure 4, the heartwood and sapwood samples were cut into 10(R) × 10(T) × 10(L) mm small wood samples at axial heights of 1–4 m. This size sample was obtained for 120 blocks. Microstructure observation samples were cut using a sledge microtome to reveal three sections at different samples, and the cut samples were placed in a 60 °C dry environment.



Uncoated samples were observed by low-vacuum scanning electron microscopy (LVSEM, JEOL JSM-5600LV, JEOL, Tokyo, Japan) before and after natural exposure. The conditions were as follows: voltage 15 kV; pressure 10–30 Pa; and working distance, under 10–20 mm [32,33]. The same surface was repeatedly analysed before exposure and at the end of each alteration period.




2.5. Colour Measurements


Colour measurements were used to evaluate the colour change of wood surfaces before and after each period of natural exposure. The samples’ size was the same as the microstructure observation samples. The colour measurements were performed on tangential sections of each sample. The preparation of 80 samples is shown in Figure 5; 30 measurements were performed per sample.



A Nippon Denshoku handy colorimeter (model NR-3000, Nippon Denshoku, Tokyo, Japan) was used to measure colour with the CIE L*a*b* system [34]. This system evaluates colour based on three parameters: lightness coordinates, with L* and +L* for lighting and −L* towards darkening; and the chromaticity coordinates a* and b*, with +a* for red, −a* towards green, +b* for yellow, and −b* towards blue. The L*, a*, and b* colour coordinates for each sample were determined before and after exposure to natural conditions [35]. The degree of colour change was measured on a colour measurement device by the standard illuminant D65 and standard observer 2°. The average values and standard deviation values were computed for each sample. These values were used to calculate colour change with the following formulas:


  C * =    a  * 2   +  b  * 2      



(1)






△C* = C* − Co*



(2)






  △ E * =   △  L  * 2   + △  a  * 2   + △  b  * 2      



(3)






  △ H * =   △  E  * 2   − △  L  * 2   − △  C  * 2      



(4)




where ΔL*, Δa*, and Δb* are the respective changes in L*, a*, and b* between the unexposed and exposed interval values. C* indicates chroma, while ΔC* indicates the chroma difference. ΔE* describes the total colour-difference value and ΔH* denotes hue difference [35,36].





3. Results and Discussion


3.1. Wood Density


Table 2 summarizes the data of wood density along the axial direction. The density of wood in the axial direction decreased from bottom to top, which agrees with the auxin gradient theory of wood [37,38]. These results agree with previous studies [39]. Ren et al. [40] indicated that the density of Cunninghamia lanceolata was 0.366–0.356 g/cm3 from bottom to top.




3.2. LVSEM Analysis


Weathering usually refers to the slow degradation of materials when exposed to the natural environment. It can be influenced by sunlight, moisture, temperature, wind, air pollutants and other factors [22]. In fact, the wood surface changes of weathering behaviour begin from the moment the wood is exposed outdoors. According to the report, the surface characteristics of wood experience significant changes in a short exposure time [24]. Weathering of the wood surface could cause changes in colour, chemistry, physics, and anatomical structure. These changes are evident up to 0.5 mm below the surface during the initial period of weathering [41]. Therefore, the analysis of wood surface changes in a short period of time can also be used as a method to evaluate the weatherability of wood.



Deterioration of wood surfaces at the microscopic level during the natural weathering of the samples was observed by scanning electron microscopy (SEM). This method is a valuable tool for observing the microscopic anatomical details of degraded wood, including the cell wall shape, and evaluating changes in the cell wall. It provided deterioration information about the surfaces. The surface deterioration of the exposed wood can be observed by LVSEM. The advantage of this method is that the information is obtained intuitively and accurately [32,33]. The photodegradative effects on cross-sections and radial sections when the samples were exposed to natural weather for 30 d are described below (Figure 6, Figure 7 and Figure 8).



Figure 6 shows LVSEM micrographs comparing the cross-sections of Chinese fir heartwood and sapwood before weathering (Figure 6a,f) with those after 6 days (Figure 6b,g), 12 d (Figure 6c,h), 18 d (Figure 6d,i), and 30 d (Figure 6e,j) of exposure. The surface of the wood exposed for 30 d was rougher, and four significant changes were discernible: significant loss of the middle lamella, separation of cell walls, wastage of the ray cell walls, and cell wall degradation of earlywood and latewood (as shown by the arrows in the figures). Each of these phenomena proved that further exposure resulted in more distinct changes and characteristics of the degradation process. In a previous study [42], comparable photodegradation was observed in wood that had been earlier exposed to long-wavelength UV radiation (300–400 nm).



The LVSEM micrographs of radial Chinese fir surfaces are shown in Figure 7. Intact bordered pits could be observed on radial sections in both earlywood and latewood before natural weathering. The pit structures in the radial section appeared to crack after 12 days of natural weathering. The bordered pit is mainly composed of pectin and cellulose, which contain some phenolic substances [43,44]. With prolonged exposure, the phenolic substances were oxidized, and the pits cracked. Moreover, the deterioration also spread over the radial section of the tracheid walls, and roughening of cell walls was also noticed. In addition, the decrease in structural integrity was more significant in the cross-field. As seen in Figure 7d, the cross-field was entirely destroyed. After 30 d of exposure, the wood radial section structure was completely destroyed, especially on the heartwood surface. Compared with the cross-section, the decay of the radial section was faster and more pronounced.



Photodegradation has been found to be closely related with the change in the wood surface’s chemical composition [22,45]. Based on known research, the chemical composition of softwood is distributed as follows [46]: The middle lamella and the primary wall are mainly composed of lignin (84%), hemicellulose (13.3%), and cellulose (0.7%). The S1 secondary wall layer contains 51.7% lignin, 30% cellulose, and 18.3% hemicellulose. The S2 layer is composed of 54.3% cellulose, 30.6% hemicellulose, and 15.1% lignin. The S3 layer has 87% hemicellulose, 13% cellulose, and little or no lignin. From Figure 6 and Figure 7, the structures of the middle lamella and primary cell wall were initially broken down during natural weathering, such as the primary cell wall of parenchyma. This is consistent with the conclusions of many academics, and lignin has always been reported as the most sensitive chemical component in wood photodegradation [24,45,47]. Through the observation of the cell wall degradation on the cross-section, it was found that only the skeleton structure remained after one month of natural weathering. Cellulose, hemicelluloses, and lignin are skeletal substances in wood. Cellulose, a basic skeleton material, is responsible for wood strength. Hemicellulose and lignin together are matrix systems in wood, and lignin provides wood with rigidity or stiffness. Absorption of UV light by lignin on or near the wood surface causes the preferential degradation of lignin, followed by the degradation of hemicellulose and cellulose. Cellulose is more photodegradation-resistant than hemicellulose due to its high molecular weight and protection by its crystalline structure [48,49,50]. The graphical result was consistent with the conclusion that the cellulose was the last to photodegrade.



The changes in the anatomical structure of heartwood and sapwood before and after weathering were compared as well. The results show various effects of weathering on heartwood and sapwood. The anti-weathering ability of the surface structure of heartwood was found to be lower than that of sapwood. Li et al. found that the heartwood cellulose content (48.6%) of Chinese fir is lower than that of sapwood (52.0%) on average [51]. Therefore, the photodegradation of heartwood after 30 days was more serious, as shown in Figure 6 and Figure 7.



The LVSEM micrographs in Figure 8 show that during the weathering process the surface structure of Chinese fir changed in different heights. After weathering for one week, the surface structure of Chinese fir began to degrade; the change at the 4 m height was especially obvious (Figure 8h). One month later, the wood surface was severely damaged. The comparison of micrographs (Figure 8i–l) indicated that the damage at the 1 m height was the slightest, while that at the 4 m height was slightly severe. The variation in the wood surface structure along the axial height was slightly different. It is inferred that the bottom material of Chinese fir has better weatherproof performance than the top material.



The correlation between density and weathering behaviour of Cunninghamia lanceolata was found in Table 2 and Figure 8. It was found that the weathering behaviour of Chinese fir was also positively correlated with the wood density; where the density was relatively high, the weatherproofing was strong, and vice versa. It can be concluded that weathering resistance is related to the characteristics of Cunninghamia lanceolata. Improving the basic properties of wood (e.g., density) would have a positive impact on the weatherproof properties. For example, thermo-mechanical densification of wood can improve the dimensional stability and durability of wood [52].




3.3. Discoloration of Wood Surface


The colour of the wood is influenced by light radiation, rainwater, and temperature, among other factors. In particular, UV light causes remarkable colour changes. Wood absorbs light and interacts with polymeric compounds and photons. This property leads to deterioration and discolouration when the wood is exposed to natural conditions. The change in wood colour reflects the change in the wood chemical composition during photodegradation. Colour stability is an important wood parameter [36,53,54,55].



When the samples were exposed to a natural environment for one month, a significant colour change occurred. Figure 9 shows the colour parameters (L*, a*, b*, c*) of heartwood and sapwood surfaces at different heights when the wood was exposed to natural conditions. The lightness value (L*) of sapwood was much higher than that of heartwood before exposure. After 6 days of initial exposure, the sapwood lightness decreased significantly, and the value was similar to that of heartwood. The value then tended to be stable, indicating that the trend of continued darkening was weakening. The lightness of heartwood showed a downward trend within 12 days of exposure, and then followed an upward trend (Figure 9a). This shows that the heartwood surface became darker at first and then brightened during exposure for one month. It can be seen from Figure 9b–d that a* (redness), b* (yellowness), and c* (chroma) increased significantly during the 6 days exposure. The maximum values were reached after the 6 days of exposure and then began to decrease. One month later, the a* (redness) was lower than that of the unexposed wood; the b* (yellowness) and chroma of sapwood were higher than those of heartwood.



In the weathering process, cellulose has little effect and does not bring obvious discoloration [45,56,57]. The yellowing of wood surfaces is due to the modification of hemicellulose and lignin. Lignin is more susceptible to photochemical reactions, resulting in chromogenic groups. Lignin is a good absorbent, and its absorption wavelength can reach 400 nm with a peak value of 280 nm. Phenolic hydroxyl groups react with light quickly to form phenolic groups, which are converted to o- and p-quinonoid structures by demethylation or by cleavage of side chains and formation of carbonyl based chromophoric groups [40,46,58]. The generation of chromophoric units brings a huge change in colour. In general, heartwood contains more extractives than sapwood. Therefore, the colour of heartwood was darker than that of sapwood (Figure 9a), with higher a* (redness) (Figure 9b) and lower c* (chroma) (Figure 9d) at the initial stage.



Table 3 summarizes the results of chroma difference ΔC*, total difference ΔE*, and hue difference ΔH* along the radial direction and the axial height. The results show that the colour of ΔC* decreased with exposure time. By comparison, it was found that the colour change values in the rectangle on Table 3 showed regularity within 12 days. In the axial direction, the sapwood increased with axial height, and the changes in ΔC*, ΔE*, and ΔH* were larger. According to other studies, the density towards the top decreases due to the maturity of the bottom wood tissue. This also explains why the wood quality at the bottom of the logs was superior to that at the top. This phenomenon is consistent with the auxin gradient theory [38]. According to this theory, endogenous auxin produced by growing apical regions promotes the formation of division and xylem differentiation. Therefore, the early wood yield near the canopy is higher, resulting in a lower density of the top wood, a decrease in strength, and an increase in the relative content of lignin. The surface colour of sapwood darkened over the course of the 12 days. In the radial direction, within 12 days, the chroma difference ΔC* of heartwood changed more than that of sapwood. The chroma value was lower before the exposure of the heartwood in its position. The ΔE* value of sapwood was higher than that of heartwood, and the colour change of sapwood was significant in this period because the heartwood contained more extractives, which played a certain role in the resistance to photodegradation in the early stage of weathering. The current research results are consistent with a previous study [59].



Lots of references showed that colour changes were the result of the changes in wood chemistry [35,45,56,60]. The results of this article show that, within one month of exposure, the colour change was obvious. This indicates that the decomposition of the chemical components of the wood surface intensified. Colour data can be obtained quickly and conveniently. The influence of weathering on the surface of wood can be rapidly discovered after analysing the data. This means that colour change can be used as a parameter with which to predict the effects of weathering in a short period. After one month of exposure, the initial anatomical structure of the wood surface was basically completely damaged. The colour and structural changes of wood surfaces during the first month of weathering are the most intuitive and accurate. The method used in this study can quickly identify the weathering characteristics of wood and can play an active role in the investigation of the effects of wood weatherproofing treatment.





4. Conclusions


Changes in the surface of Cunninghamia lanceolata were observed and analysed under natural conditions. The variation in intrinsic weathering behaviour was determined by physical and anatomical research. The colour change of the surface of the wood was evident from the beginning of exposure. The observed structural changes were not detected until one week of exposure. However, the surface microstructure of Chinese fir was seriously damaged after one month of exposure.



The colour change of the surface of Chinese fir was inhibited by extractives at the beginning of exposure. Nevertheless, with the prolongation of exposure time, it was found that the weathering resistance of heartwood was still lower than that of sapwood. Weathering behaviour of Chinese fir was enhanced from bottom to top in the axial direction. This study indicated that the photodegradation of wood decreased with an increase in the density. The high-density timber should be selected to mitigate the effects of weathering on wood.



Understanding the weathering behaviour of wood provides reference for weatherproofing pre-treatment. Obtaining the weathering behaviour of wood can result in a more effective use of wood, fully leveraging the advantages of the wood itself and maximally improving the efficiency of wood. Considering the depletion of forest resources, the efficient use of wood also protects the environment.
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Figure 1. Samples were cut through the pith from Cunninghamia lanceolata (Lamb.) Hook. (at 1, 2, 3, 4 m heights). 
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Figure 2. Samples for wood-specific gravity testing. 
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Figure 3. The procedure of the measurement of density [27]. 
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Figure 4. Microstructure observation samples were cut into 10(R) × 10(T) × 10(L) mm. 
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Figure 5. Colour measurement samples. 
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Figure 6. Low-vacuum scanning-electron-microscopy (LVSEM) micrographs (×300) of cross-sections (1 m height) of heartwood and sapwood before and after weathering. (Unexposed heartwood and sapwood surfaces were (a) and (f); (b–e) were cross-sections of heartwood after exposure 6,12,18, and 30 days; (g–j) were the surfaces of sapwood after 6,12,18, and 30 days.) 
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Figure 7. Low-vacuum scanning-electron-microscopy (LVSEM) micrographs (×300) of radial-sections (1 m height) of heartwood and sapwood before and after weathering. (Unexposed heartwood and sapwood surfaces were (a) and (f); (b–e) were radial-sections of heartwood after exposure 6,12,18, and 30 days; (g–j) were the surfaces of sapwood after 6,12,18, and 30 days.) 
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Figure 8. Low-vacuum scanning-electron-microscopy (LVSEM) micrographs (×300) of radial-sections of different-height Chinese firs before and after weathering. 
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Figure 9. Colour coordinates of Cunninghamia lanceolata due to natural weathering: (a) Lightness L*; (b) redness a*; (c) yellowness b*; (d) chroma c*. 
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Table 1. Weathering conditions in Fukuoka during summer 2017.
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	Weather Condition
	Temperature

(°C)
	Humidity (%)
	Sunshine Duration (h)
	Total Rainfall (mm)
	Wind Speed (m/s)





	Mean value ± SD
	29.42 ± 1.40
	74.98 ± 6.97
	7.51 ± 3.37
	3.90
	2.93 ± 0.77







Note: the parameters show the average and standard deviation (SD) during July and August 2017 (N = 30).
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Table 2. Variation of wood density along the stem height direction with standard errors.
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Variable

	
Description

	
n

	
χ ± s

	
F

	
p






	
Stem height (m) above ground

	
1

	
135

	
0.371 ± 0.042

	
1.497

	
0.216




	
2

	
135

	
0.362 ± 0.044




	
3

	
135

	
0.358 ± 0.039




	
4

	
135

	
0.357 ± 0.044
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Table 3. Chroma difference (ΔC*), total colour-difference value (ΔE*), and hue difference (ΔH*) are the coordinate-average values and standard deviations (in parentheses) of Chinese fir after natural weathering.
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Exposure Time (d)

	
Height (m)

	
∆C*

	
∆E*

	
∆H*




	
Sapwood

	
Heartwood

	
Sapwood

	
Heartwood

	
Sapwood

	
Heartwood






	
6

	
1

	
13.06

(1.83)

	
14.37

(2.91)

	
15.96

(1.71)

	
15.47

(2.44)

	
4.57

(1.60)

	
4.68

(0.26)




	
2

	
14.63

(0.27)

	
16.89

(0.56)

	
17.43

(0.21)

	
17.92

(0.47)

	
4.99

(0.61)

	
3.11

(0.95)




	
3

	
15.87

(0.34)

	
13.05

(0.12)

	
18.87

(0.55)

	
13.32

(0.09)

	
5.62

(1.00)

	
2.34

(0.41)




	
4

	
17.68

(0.50)

	
18.31

(1.53)

	
21.86

(0.34)

	
19.39

(1.74)

	
8.43

(0.34)

	
5.51

(2.97)




	
12

	
1

	
11.80

(1.98)

	
13.00

(3.12)

	
14.84

(1.77)

	
14.21

(2.57)

	
2.62

(1.82)

	
3.97

(1.38)




	
2

	
13.09

(1.20)

	
14.09

(1.17)

	
16.36

(1.29)

	
15.27

(1.29)

	
2.99

(2.15)

	
2.93

(2.38)




	
3

	
13.09

(2.63)

	
9.49

(0.30)

	
16.80

(2.17)

	
13.07

(0.57)

	
3.32

(2.12)

	
8.77

(0.64)




	
4

	
14.22

(0.56)

	
15.42

(1.15)

	
18.11

(1.32)

	
17.15

(1.12)

	
4.39

(2.07)

	
6.18

(3.94)




	
18

	
1

	
9.29

(3.48)

	
10.59

(3.50)

	
13.74

(3.24)

	
13.20

(3.29)

	
3.48

(1.75)

	
6.54

(3.18)




	
2

	
7.33

(0.09)

	
12.93

(0.74)

	
11.88

(0.13)

	
15.26

(0.40)

	
1.04

(0.32)

	
6.41

(0.92)




	
3

	
10.92

(0.15)

	
7.50

(0.30)

	
14.50

(0.15)

	
9.67

(0.22)

	
1.31

(0.28)

	
6.06

(0.35)




	
4

	
8.34

(0.24)

	
12.70

(1.23)

	
14.35

(0.18)

	
15.46

(0.27)

	
2.21

(0.27)

	
8.42

(2.03)




	
30

	
1

	
5.40

(3.68)

	
5.30

(1.48)

	
11.46

(3.61)

	
15.48

(6.54)

	
4.47

(2.44)

	
13.97

(6.88)




	
2

	
2.93

(3.31)

	
5.44

(3.01)

	
13.97

(1.55)

	
13.00

(2.18)

	
9.46

(1.54)

	
10.88

(2.19)




	
3

	
7.51

(1.52)

	
−0.76

(0.36)

	
13.18

(1.87)

	
15.39

(0.63)

	
6.09

(3.80)

	
15.08

(0.48)




	
4

	
2.92

(1.52)

	
2.93

(1.16)

	
14.25

(0.31)

	
11.74

(4.48)

	
9.73

(0.85)

	
11.02

(5.06)
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