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Abstract: 14 

In this paper, in order to analyze the quasi-static properties of Moso bamboo, a 15 

new, environmentally friendly and eco-friendly method was used for bamboo thermal 16 

modification under the effect of saturated steam. Under saturated steam heat treatment, 17 

the chemical composition in bamboo decreased, and the bamboo cell wall shrunk 18 

slightly. The increased crystallinity index of cellulose and decreased intensity of peaks 19 

belong to hemicellulose were confirmed by XRD and Fourier transform infrared (FTIR) 20 

spectroscopy. In addition, the highest modulus of elastic and hardness of treated 21 

bamboo were 22.5GPa and 1.1GPa at 180℃/10 min. These conclusions confirmed the 22 

micro-mechanical properties of the bamboo cell wall were enhanced by saturated steam 23 

heat treatment. The 𝐄𝐫′   of differently treated bamboo increased with increasing 24 

temperature and time, while the 𝐄𝐫′′ and tan δ negatively as a function of increasing 25 

frequency. Furthermore, this thermal modification can be regarded as a useful, 26 

environmental-friendly and eco-friendly treatment to outdoor use of bamboo-based 27 

materials. 28 

Keywords: Moso bamboo; saturated steam; modulus of elastic; hardness. 29 

1. Introduction 30 



Bamboo belongs to the Gramineae family and has been widely used in many fields 31 

in our daily life, such as furniture, construction, and so forth (Wang et al. 2019b; Yuan 32 

et al. 2020; Wang et al.). Scientific and reasonable application of bamboo can 33 

effectively reduce the demand for the woody resource(Zhang et al. 2013). On this 34 

respect, more attention has been paid to bamboo due to its excellent mechanical 35 

properties, fast growth, and stable performance(Li et al. 2015; Tang et al. 2019). 36 

However, bamboo is easily affected by fungi, moisture, and injurious insect due to its 37 

abundance in polysaccharides and starch, which limits the outdoor utilization of 38 

bamboo-based products. Meanwhile, when bamboo-based engineered bamboo 39 

materials are applied for long-term usage, it is easy to produce problems like short 40 

product life, low dimensional stability, and low resistance to biodegradation. So, it is 41 

of great importance to improving the physical and mechanical properties of bamboo to 42 

solve the above problems. 43 

Thermal modification has been widely applied in making bamboo-based products, 44 

which can effectively improve the physical and mechanical properties of bamboo 45 

products. The aim of thermal modification is to change the polysaccharide and starch 46 

content and microstructure of bamboo tissue, to improve the macro-mechanical 47 

properties such as color (aesthetic purposes), modulus of elasticity, equilibrium 48 

moisture content, and so on. The inert gas, water, and oil were the three main traditional 49 

heat treatment mediums that the treatment temperature and treatment time in the range 50 

of 150℃ – 250℃, and 2 – 6 h, respectively. However, traditional thermal modification 51 

leads to the evaporation completely of moisture content in bamboo, which leads to a 52 

negative effect on the macro-mechanical properties of bamboo with increasing severity 53 

of treatment. Therefore, scientists are urgent to find a rapid and gentle heat treatment 54 

medium for the modification of bamboo. Saturated steam is steam that is controlled by 55 

pressure and at a temperature lower than the boiling point. Thus, saturated steam heat 56 

treatment can provide a high temperature and high humidity environment for 57 

modification simultaneously. It is of great interest to study the mechanical properties 58 

of bamboo in nanoscale and microscale ranges.  59 

Previous literatures focus on the macroscale properties and surface changes of 60 

moso bamboo after thermal modification. For example, Wang et al studied the 61 

influence of saturated steam pretreatment on the drying quality of bamboo culms, 62 



results showed that saturated steam can effectively improve the drying quality of 63 

bamboo culms and reduce cracks. However, he did not reveal the reason from nano-64 

scale perspective. Micro-level study are rare in this field. Wang Q et al studied the 65 

effects of different treatment temperature and time on the mechanical and chemical 66 

composition of moso bamboo with different initial moisture contents. Yuan T et al 67 

reveled the infulence of different treatment parameters on equilibrium moisture content, 68 

oven-dried density, and color on moso bamboo. So, the study of effect of saturated 69 

steam on moso bamboo in nano-scale are rare. In addition, Quasi-static indentation was 70 

used to characterizes the micro-mechanical properties of biomass materials such as 71 

wood, bamboo, and straw by means of nanoindentation(He et al. 2019a, b; Guan et 72 

al. 2020). It is also a successful approach for determining the modulus of elasticity and 73 

hardness of a single cell wall. In addition, for the application of bamboo in oscillation 74 

stress and long-term bearing, viscoelastic is an interesting topic. For this purpose, 75 

Nanoindentation technology is applied for analyzing these problems and is suited to 76 

this purpose. Moreover, combining quasi-static indentation and other modern test 77 

instruments can deeply understand the nanomechanical properties of bamboo cell wall. 78 

In this paper, the bamboo is heat-treated by saturated steam at different 79 

temperatures and times and then analyzed by means of Fourier transform infrared 80 

(FTIR) spectroscopy, environmental scanning electron microscope (SEM), X-ray 81 

diffraction (XRD), wet chemistry method, and quasi-static Nanoindentation.  82 

2. Materials and methods  83 

2.1. Materials preparation 84 

Natural three-year-old Moso Bamboo (Phyllostachys pubescens) with average 85 

dimensions of 50*20*t mm (length * width * wall thickness) were collected from 86 

JiangXi Province, China. The initial moisture content of samples was 90%. bamboo 87 

culms were subjected to heat treatment at different temperatures (160, 180℃) for 88 

different periods (15, 30min).The bamboo culms were placed in pressurized steam 89 

equipment. After treatment, all samples were placed in a constant temperature and 90 

humidity equipment (HWS-250, Jinhong Co., Ltd., China) for 2 weeks under 20℃ and 91 

65% (relative humidity).  92 

2.2. X-ray diffraction (XRD) analysis 93 



The different treated bamboo specimens were ground into powder and sieved 94 

through an 80 mesh screen. The samples were then placed in an oven for 12 hours until 95 

the moisture content was 0%. Then, the XRD method (Ultima-IV combination X-ray 96 

diffractometer, Japan) was utilized to analyze the crystallinity of bamboo cellulose at 97 

different treatment temperatures and times. Data were collected in the 2-theta scanning 98 

range from 10° to 80°. Based on Segal’s formula, the XRD analysis results constituted 99 

the average of three replicate experiments, and relative crystallinity can be calculated 100 

as below: 101 

CrI=(I002−Iam)/I002 × 100%, (1) 

where CrI represents the relative content of crystallinity, and I002 and Iam denote the 102 

the maximum in the intensity of the (200) peak and the minimum in the intensity 103 

between the overlapped (11̅0)/(110) and the (200) peak. 104 

2.3. Fourier transform infrared spectroscopy (FTIR) 105 

The powders used in XRD analysis were also used to FTIR analysis on a FTIR  106 

spectrometer (500-4000 cm-1 range, 32 accumulations, 2 cm-1 resolution; Bruker 107 

Corporation, Karlsruhe, Germany). KBr Pellet Method were used to further analyze the 108 

chemical functional groups. The FTIR analysis for each sample was based on averages 109 

of three replicate experiments.  110 

2.4. Oven-dried density and mass loss 111 

      The treated and untreated bamboo were possessed into the average size of 10*10*T 112 

mm (length*width*thickness) and the density was tested by oven-drying method. Ten 113 

samples were repeatedly collected from each group for analysis The percentage of mass 114 

loss following saturated steam heat treatment was calculated by formula as below: 115 

 %ML = 100 (M0-M1)/M0 (2) 

Where m0 represents the initial oven-dried specimen mass, m1 represents the 116 

oven-dried specimen mass after saturated steam heat treatment  117 

2.5. Chemical compositions analysis 118 



In this step, the treated bamboo samples were ground and screened into powder 119 

using 40 and 80 screens. The main chemical composition (cellulose, hemicellulose, and 120 

lignin content) of samples was determined and calculated according to NREL’S LAPs. 121 

All data were represented as averages of three replicate experiments, closest to 0.1%. 122 

2.6. Nanoindentation (NI) 123 

Samples treated by saturated steam, together with untreated samples, were 124 

processed into small blocks of 0.5 * 0.5 * 1mm3, the cross-section of bamboo samples 125 

were polished by a diamond knife, as shown in Figure 1, five samples were placed 126 

under constant temperature (21±1℃) and humidity (65±4%) for 24 hours before the 127 

tests. NI was performed on a load-controlled mode to obtain at least 30 valid 128 

indentations (see Figure 1). Loading was performed within 5s, the holding time was 5s, 129 

and unloading terminated within 5s. A peak load (400μN) were applied to all indents. 130 

All data were averages of 30 valid data. 131 

2.7. Elastic modulus and hardness 132 

 Based on the formula according to Oliver (1992), the reduced elastic modulus and 133 

hardness can be calculated as formula follows: 134 

 𝐻 = 𝑃𝑚𝑎𝑥𝐴   (3) 

where Pmax is the peak load, and A denotes the projected contact area of the indents at 135 

peak load. 136 

 𝐸𝑟 = √𝜋2𝛽 𝑆√𝐴   (4) 

 

where Er, S(dP/dh), and β represent the combined elastic modulus of both the 137 

specimen and indenter, the initial unloading stiffness, and the correction factor to indent 138 

geometry (β = 1.034), respectively.  139 

2.8. Creep behavior 140 

In order to investigate the creep behavior of bamboo, specimens were held for 200s 141 

after uploading by a maximum load of 400μN. Creep behavior can be calculated from 142 

the load-indentation depth graph based on Konnerth and Gindl’s method. 143 



𝐶𝐼𝑇(%) = ℎ2 − ℎ1ℎ1 × 100 
(8) 

where h2 and h1 represent the final and first penetration depth of the segment, 144 

respectively. 145 

 146 

Figure 1. (A) Test area; Typical NI representative load-depth(B) and depth-time(C) 147 

curves of the bamboo fiber cell. 148 

2.9. Dynamic mechanical properties analysis 149 

       After the test of nanoindentation, the nanoDMA tests were tested by the same 150 

indenter and operated in a ramping dynamic frequency mode. The quasi-static load and 151 

the dynamic load was equal to 100  μN and 10 μN, respectively. The frequencies were 152 

ranged from 10 to 200 Hz and each frequency has 100 cycles. Data were collected from 153 

30 valid indentations which were tested in five or six cells. The 𝐸𝑟′   and 𝐸𝑟′′  were 154 

calculated based on Chakravartula and Komvopoulus’s method 155 

 Er′ = KS√π2√A  
(9) 

 Er′′ = wCS√π2√A  
(10) 

 156 



 tan δ=𝐶𝑆𝑊𝑘𝑠  (11) 

Where A, ks, and Cs represents the projected area of the contact, contact stiffness and 157 

the damping coefficient of the sample, respectively. 158 

        The Ks can be calculated as below: 159 

 Ks=K-K1 (12) 

Where K, and K1 is the combined stiffness and the spring constant of the leaf 160 

springs holding the indenter shaft, respectively. 161 

2.10 Data analysis 162 

     All data were ststistically analyzed using SPSS software. Ducan multiple range test 163 

were performed to analysis significant influence between groups. In this paper, different 164 

lowercase letters represents significant differences between groups. 165 

3. Results and discussion 166 

3.1 Oven-dried density and mass analysis 167 

      Results for oven-dried density, mass after saturated steam heat treatment of 168 

differently treated bamboo samples are shown in Figure2. Density and mass for 169 

untreated bamboo was found to be 0.82g/cm3 and 0.76g, respectively. Expectedly, the 170 

density and mass decreased with an increase in treatment temperature and time. 171 

According to previous literature, which is attributed to the degradation of 172 

polysaccharides in the cell wall(Huang et al. 2018). In addition. The loss of volatile 173 

composition from extractives may also contribute to these observations when the 174 

treatment temperature above 160℃(Zhu et al. 2020). 175 



 176 

Figure 2. density and mass analysis of untreated and saturated-steam heat treatment 177 

sample The different letters represent significant differences between treatments (p＜178 

0.05). 179 

3.2 Microstructure 180 

As shown in Figure 3 (A-C), SEM was applied for analyzing different treated 181 

bamboo samples. The microstructure of bamboo is totally different from wood. 182 

Bamboo is a natural material composited by two main components (vascular bundles 183 

and parenchyma cells). Parenchyma cell is the principal matrix of bamboo.  Figure 3A 184 

shows the thin-wall cells exhibited spongiform and porous characteristics and vascular 185 

bundles is solid areas with hollow tubes. Figure 3B (1-3) illustrates that the volume of 186 

parenchyma cell became smaller after saturated steam heat treatment (160℃/15min). 187 

In addition, slightly shrank appeared in the thin-walled cells. Increased treatment 188 

temperature contributed to this phenomenon. Figure 3 (C) shows a visual comparison 189 

of the cross-section section of pre-and post-treatment bamboo samples. It can be 190 

observed from figure 3C that the parenchyma cells and vascular bundles have been 191 

collapsed by the saturated steam heat-treatment process. The separation between 192 

vascular bundles and parenchyma cells are obvious from the SEM images. This increase 193 

change in the bamboo cell wall is associated with increasing treatment temperature. 194 



Additionally, the decomposition of polysaccharides in bamboo cell wall is another 195 

reason for this conclusion. 196 

 197 

Figure 3: SEM images of cross-section different treated bamboo: (A) untreated; (B) 198 

160℃/10min; (C) 180℃/10min 199 

3.3 Main chemical composition 200 

As shown in table 1, Due to thermal modification (TM) the hemicellulose content 201 

was negatively correlated with treatment severity. In addition, the content of cellulose 202 

was also negatively affected by heat treatment. Following treatment under 180℃ for 203 

10 min, the relative hemicellulose content (19.7%) was reduced by around 7.8% 204 

compared with that of the untreated sample. This observation is in agreement with the 205 

previous literature. Xylan, the main component of hemicellulose, is sensitive to high-206 

temperature conditions and is subjected to dehydration reactions(Ohmae et al. 2009). 207 

Moreover, the lignin content showed an increasing trend with the decrease of 208 

hemicellulose and cellulose levels. The lignin content observed upon 180℃ for 10min 209 

was significant at 32.5%, which was a 4.1% increment of that of control. This finding 210 



supports previous conclusions in the literature. This is due to the condensation of 211 

hemicellulose by-products with lignin conducive to this phenomenon. In addition, 212 

considering the low thermal stability of polysaccharides in hemicellulose resulting from 213 

the branched and amorphous structure, it can be attributed to the hemicellulose in 214 

bamboo is easier to decompose than cellulose or lignin(Zhang et al. 2013). Furthermore, 215 

the conclusion of the reduction in hemicellulose’ content in fiber cells was also 216 

confirmed by SEM. 217 

Table 1. Relative contents of hemicellulose, cellulose, and lignin in the samples obtained 218 

after saturated-steam heat treatment. 219 

Time Cellulose Hemicellulose Lignin 

160°C 180°C 160°C 180°C 160°C 180°C 

Untreated 36.9  25.6  27.3  

5min 33.5 32.4 23.3 22.5 29.9 30.4 

10min 30.3 28.3 21.5 19.7 30.3 32.5 

3.4 XRD analysis 220 

Cellulose, the main composition of bamboo, is the main reason for the strength of 221 

lignocellulose materials. As it is known to all, the amorphous and crystalline region 222 

are two main components of cellulose and their relationship further influence the 223 

micromechanical properties of the bamboo cell wall. Figure 4 shows the XRD patterns 224 

and degree of crystallinity of different treated bamboo specimens. The crystallinity 225 

indexes were obtained by Eq.1. Expectedly, the degree of crystallinity increased after 226 

saturated steam heat treatment. Both treatment temperature and duration clearly made 227 

a positive impact on the relative crystallinity of cellulose, while the mean CrI value of 228 

the untreated sample was 50%. As shown in Figure 4, the relative degree of 229 

crystallinity was positively correlated with thermal modification severity. In other 230 

words, both temperature and duration positively contributed to crystallinity. The 231 

obvious increment in the CrI was specimens treated at 180℃for 10 min. Saturated 232 

steam treatment at 180℃ for 10 min results in higher CrI compared with that of the 233 

control. the change from 50.0% to 62%, which is a 24% increment, It was attributed 234 

to the decomposition of hemicellulose. Additionly, the proportion of paracrystalline 235 

cellulose also decreases due to the acidic environment. Thus, the relative crystallinity 236 

of bamboo is further increased.  237 



 238 

 239 

Figure 4. XRD curves and crystallinity index of untreated and different treated sample 240 

(relatively degree of crystallinity are shown in picture). 241 

3.5 FTIR analysis 242 

FTIR spectroscopy of the untreated bamboo and differently treated bamboo is a 243 

method to analyze the bamboo chemical components. The relevant data of this study 244 

are shown in Figure 5.  The peak at 890cm-1 can be assigned to C-H, which represents 245 

C H deformation in cellulose. The 890 cm-1 of samples treated at different temperatures 246 

did change too much show the main structure of cellulose is still intact.  The peak at 247 

3341cm-1 and 2850 cm-1 represented stretching vibration of -OH and stretching 248 

vibration of C-H vibration. These two peaks decreased in comparison to that of the 249 

control. These results illustrated that saturated steam heat treatment decreased the 250 

hydroxyl groups in bamboo. The 1730 cm-1 peak, which represented C=O stretching 251 

vibration in hemicellulose, and the intensity of 1730cm-1 decreased, which is maybe the 252 

decomposition of hemicellulose. The peaks at 1163 cm-1 and 1328 cm-1 correspond to 253 

C-O-C stretching vibration and O-H stretching vibration, respectively. The visible 254 

weakening of the above peak (1163 cm-1 and 1328 cm-1) is due to the hydrolysis of 255 

hemicellulose. Additionally, the characteristic peaks of lignin (1590cm-1) increased, 256 



which further confirmed the increase in lignin content. Lignin condensation with by-257 

products (arise from hydrolysis of hemicellulose) conductive to this phenomenon.  258 

 259 

Figure 5. Normalized FTIR curves of bamboo samples at different time and same 260 

temperature. 261 

3.6 Cell-wall mechanics 262 

The elastic modulus and hardness values of different treated samples are shown in 263 

Figure 6. Results present that thermal treatment contribute positively to the stiffness of 264 

bamboo cell wall. For instance, the elastic modulus and hardness values of untreated 265 

bamboo fiber wall was around 17.8 GPa and 0.71 GPa. When treated at 160℃/10min, 266 

elastic modulus and hardness increased by 4.3% and 13.3%, respectively. When the 267 

temperature was set at 180℃ for 10min, their values improved by ca.15% and 36%, 268 

respectively. During the process of lignification of bamboo fiber, lignin forms a 269 

amorphous network which can enclose the holocellulose, which can improve the 270 

stiffness of micromechanical properties. Thus, increased lignin content positively 271 

influence the mechanical properties of bamboo cell wall. Increased crystallinity index 272 

and decomposition of hemicellulose may also enhance the mechanical properties as 273 

reported by wang et al. Therefore, this finding is in agreement with the previous 274 

literature(Wang et al. 2017, 2019a, 2020b). Under the conditions of high-temperature 275 

and pressure, such as high-temperature and high pressure saturated steam. The 276 

increased average micromechanical properties of the bamboo cell-wall was partly due 277 



to the lignin condensation and partly due to the cross-linking reactions of by-products 278 

which arised from decomposition of hemicelluloses. In this study, elastic modulus and 279 

hardness showed a upward trendency with an increase in treatment temperature and 280 

time. 281 

 282 

Figure 7. Elastic modulus and hardness of untreated control and bamboo under different temperatures and times 283 

periods. The different letters represent significant differences between treatments (p＜0.05). 284 

3.7 Creep behaviour analysis 285 

As a biomass material, bamboo exhibits visco-elasticity. In addition, creep 286 

behavior is an important performance of woody material. The effects of saturated steam 287 

heat treatment on the creep ratio of bamboo cell wall were investigated by 288 

Nanoidentation. As is illustrated in Figure 8. the average creep ratio of the untreated 289 

sample was 27.2%, which was higher than that of the treated bamboo cell wall. In the 290 

same time, the treatment parameters of 180℃/10min obviously decreased the creep 291 

ratio. For example, The lowest creap ratio of bamboo sample was observed at 292 

180℃/10min, which means the resistance of creep improved. Hemicellulosesare 293 

important components that may account for this creep behavior. As discussed above, 294 

when the treatment was performed at 180℃ or higher, the treatment severity 295 

contributed to a reduction in the content of hemicelluloses. Hemicellulose plays a 296 

matrix role in the cell wall, which is weakened by the decomposition of hemicellulose 297 

due to the high temperature and pressure condition. The condensation of lignin and the 298 

increased crystallinity may also contribute to this phenomenon(Qu et al. 2020). 299 



 300 

Figure 7. The creep ratios of bamboo fiber wall after saturated steam heat treatment. The different letters represent 301 

significant differences between treatments (p＜0.05). 302 

3.8 Dynamic mechanical properties of bamboo fiber wall 303 

Figure.8 represents the relationship between the dynamic indentation of bamboo 304 

fiber wall and frequency. Accordingly, the loss modulus, storage modulus, and loss 305 

tangent of differently treated bamboo samples were lower than that of the untreated 306 

sample, the storage modulus and loss tangent decreased with an increase of temperature, 307 

which was mainly owing to the fact that the decomposition of hemicellulose and 308 

melting. In addition, the storage modulus increased slightly with an increase of 309 

temperature while loss tangent decreased significantly. This is maybe the relationship 310 

between molecular chains and different frequencies. In detail, lower frequency leads to 311 

a slight influence on flexible molecular chains; The main chain negatively corresponds 312 

to frequency, in other the main chain movements decreased with increasing frequency. 313 

In conclusion, the loss modulus decreased significantly. Enhanced frequency 314 

contributed negatively to the loss tangent, this is due to the shorter molecular chain 315 

rearrangement time resulting in the stiffening of material(Yang et al. 2020; Hao et al. 316 

2021). Figure 8. (D) (E) (F) presents the influence of different frequencies on the 317 

storage modulus, loss modulus, and loss tangent of different duration treated bamboo 318 



samples. Treatment time has slight effect on the dynamic mechanical properties of 319 

moso bamboo. 320 

 321 

Figure.8 The dynamic mechanical properties of bamboo cell-wall at different 322 

temperature and time. A and D: Er′′(loss modulus); B and E: Er′  (storage modulus); C 323 

and F: tan δ (loss tangent). 324 

4. Conclusions 325 

The average density and mass of the saturated steam heat treatment treated 326 

bamboo decreased with an increase in temperature and time. Saturated steam can 327 

effectively reduce the content of hemicellulose and increased the crystallinity index. 328 

The bamboo cell wall shrunk due to the high temperature and high pressure. However, 329 

the modulus of elastic and hardness of bamboo cell wall increased from 19.8GPa to 330 

25.5GPa and from 0.68GPa to 1.1GPa due to the increased lignin content and increased 331 

crystallinity degree. The observation was confirmed by wet chemical method, FTIR, 332 

XRD, and Nanoindentation. Furthermore, dynamic indentation revealed a decreased 333 

loss modulus and loss tangent and enhanced storage modulus during thermal 334 

modification. the 𝐄𝐫′  of differently treated bamboo increased with increasing 335 

temperature and time, while the 𝐄𝐫′′ and tan δ negatively as a function of increasing 336 

frequency.  337 
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