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Dense, Self-Formed Char Layer Enables a Fire-Retardant 
Wood Structural Material

Wentao Gan, Chaoji Chen, Zhengyang Wang, Jianwei Song, Yudi Kuang, Shuaiming He, 
Ruiyu Mi, Peter B. Sunderland, and Liangbing Hu*

Wood is one of the most abundant, sustainable, and aesthetically pleasing 
structural materials and is commonly used in building and furniture 
construction. Unfortunately, the fire hazard of wood is a major safety concern 
for its practical applications. Herein, an effective and environmentally friendly 
method is demonstrated to substantially improve the fire-retardant proper-
ties of wood materials by delignification and densification. The densification 
process eliminates the spaces between the cell walls, leading to a highly 
compact laminated structure that can block oxygen from infiltrating the 
material. In addition, an insulating wood char layer self-formed during the 
burning process obstructs the transport of heat and oxygen diffusion. These 
synergistic effects contribute to the material’s excellent fire-retardant and 
self-extinguished properties, including a 2.08-fold enhancement in ignition 
time (tig) and 34.6% decrease in maximum heat release rate. Meanwhile, 
the densified wood shows a more than 82-fold enhancement in compressive 
strength compared with natural wood after exposure to flame for 90 s, which 
could effectively prevent the collapse and destruction of wooden structures, 
and gain precious rescue time when a fire occurs. The facile top-down 
chemical delignification and densification process enabling both substantially 
enhances fire-retardant performance and mechanical robustness represents 
a promising direction toward fire-retardant and high-strength structural 
materials.
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building materials and commonly used 
in construction, furniture, and decoration 
because of its lightweight, mechanical 
robustness, texture, and thermal and elec-
trical insulating properties.[2–6] Fire safety, 
however, represents a major restriction 
for wood materials when used in struc-
tural applications. Impregnating halogen-
ated flame retardants into wood pores 
through physical infiltration is a tradi-
tional flame-retardant treatment; however, 
these compounds do not meet the high 
environmental and health requirements 
for modern buildings due to the risk of 
bioaccumulation in people.[7,8]

Recently, the development of nanotech-
nologies and bionic design has enabled 
efficient solutions for the fire retardancy of 
engineering materials, especially wood, in a 
more environmentally friendly way.[9–14] For 
example, hybridizing wood with inorganic 
nanoparticles made of clay, Mg–Al-layered 
double-hydroxide, and calcium carbonate 
has proven effective at forming functional 
inorganic/organic materials with good 
thermal resistance and fire retardancy.[15–18] 
However, nanoparticle coatings may be too 
expensive for commercial use, as well as 

demonstrating unsatisfactory structural strength and stability. 
In addition, the rapid destruction and collapse of wooden build-
ings are other main causes of fire damage, highlighting the 
importance of combining both fire retardancy and mechanical 
robustness in a single material.

Herein, we develop a delignification-assisted densification 
strategy to simultaneously enhance the mechanical robust-
ness and flame-retardant properties of wood materials with 
oriented cellulose nanofibrils in an environmentally friendly, 
low-cost, and scalable way. The delignification and densifica-
tion process via mechanical pressing can completely remove 
the spaces between the wood cell walls, leading to a highly 
dense laminated structure (Figure 1a). Such a dense lami-
nated structure not only effectively reduces the air permeability 
(Figure S1, Supporting Information) of the material, but also 
conduces the formation of an insulating char layer on the wood 
surface should the material catch fire (Figure 1b). The dense 
wood char layer creates an insulating barrier to the underlying 
wood, resulting in improved fire retardance by reducing both 
the thermal and oxygen diffusion, which plays a vital role in 

Composite Materials

1. Introduction

In the United States, there were more than 1.3 million fires in 
2016 alone, leading to an estimated 3390 civilian deaths, which 
represents the highest number of fatalities since 2008.[1] The 
flammability of wooden homes and furniture has been cited as 
mainly responsible for these injuries. Wood is one of the oldest 
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reducing the heat release rate (HRR), hindering the combus-
tion reaction (Figure 1c). In addition to good fire retardance, the 
densified wood also possesses excellent compressive strength, 
which effectively prevents the collapse and destruction of the 
wooden structure, gaining precious rescue time should a fire 
occur (Figure 1c). The fire retardant and strong wood achieved 
without the use of halogenated chemicals or nanomaterial coat-
ings demonstrates both efficient fire-retardant performance 
and excellent mechanical properties, with strong potential for 
green construction applications.

2. Results and Discussion

Natural wood contains many lumina (i.e., wood channels) that 
are aligned through the material in the tree growth direction 
(Figure 2a). A large number of tubular channels (10–70 µm in 
diameter) inside the wood structure provide porous structure 
with sufficient oxygen that harms its fire-retardant behavior 
(Figure 2b; Figure S2, Supporting Information). To remove 
such features, we fabricated the densified wood by first par-
tially delignifying the material using NaOH/Na2SO3.[19–21] After 
chemical treatment, the 3D porous wood structure remains, 
though the morphology changes from elliptic wood cells to 
crumpled ones (Figure S3a,b, Supporting Information). The 
twisting wood channels (Figure S3c,d, Supporting Infor-
mation) and shrunken cell walls cause the natural wood to 
become softer and more flexible.[22] Subsequent hot pressing, 

perpendicular to the wood growth direction produces a den-
sified laminated structure (Figure 2c). Figure 2d shows the 
top-view scanning electron microscopy (SEM) image of the 
densified wood, where multiple wood channels have collapsed 
entirely, resulting in intertwined cell walls without intervening 
gaps. The fully collapsed cell walls provide a unique micro-
structure for reducing fire hazards by creating an extremely low 
oxygen content and high density. Fourier-transform infrared 
(FTIR) spectra of the natural wood and densified wood samples 
show that the functional groups of wood assigned to hemicellu-
lose (CO stretching vibration) and lignin (G-lignin and CO 
stretching vibration) are partially removed with a total weight 
loss of 28.8% as a result of the chemical treatment (Figure 2e; 
Figure S4, Supporting Information).[23,24]

We then characterized the wood samples after burning in 
a cone calorimeter with an external heat flux of 30 kW m−2 
for 2 min (Figure 2f; Figure S5, Supporting Information). As 
the densified wood is heated and burned, gases are generated 
inside the densified wood, which flow outward, resulting in the 
observed porous structure (Figure 2g). The amorphous char 
layer coated on densified wood surface is further demonstrated 
in the corresponding FTIR (Figure 2e) and Raman spectra 
(Figure S6, Supporting Information). The FTIR characteristic 
peaks of the densified wood appear to be lost after burning, and 
meanwhile the D and G peaks at 1354 and 1590 cm−1 in the 
Raman spectra confirmed the amorphous carbon on the wood 
surface.[25,26] The char layer on the outside surface can act as 
a thermal barrier, which effectively protects the interior wood 
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Figure 1. Schematic representation demonstrating the working principle of the self-formed wood char layer of densified wood for fire resistance. a) The 
densified structure of the wood with oriented cellulose nanofibrils limits the amount of oxygen inside the material. b) Upon catching fire, the wood char 
formed on the outside of the densified wood plays a role in protecting the internal wood structure. c) The compressive strength of densified wood is 
shown to be significantly higher than natural wood, and the maximum heat release rate of the densified wood at an external heat flux of 30 kW m−2 is 
shown to be significantly lower than natural wood, demonstrating its great mechanical property and excellent fire retardance.
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against the rapid increase of temperature, helping to main-
tain the overall integrity of the densified wood structure.[27,28] 
Meanwhile, a dense char layer underneath the intumescent 
char layer forms (Figure 2h), which should block most air from 
transporting into the densified wood and greatly decrease the 
burning speed. The tightly packed structure of the inner layer 
should also be important for maintaining the mechanical 
strength of the wood (Figure 2i). Although the natural wood 
is also formed a porous char layer during the same burning 
process, the deformation and cracking have already occurred 
after exposing at an external heat flux of 30 kW m−2 for 2 min, 

indicating the poor fire retardance of natural wood (Figure S7, 
Supporting Information).

We qualitatively evaluated the combustion behavior of the 
natural wood, natural wood after partial delignification, natural 
wood after hot pressing, and densified wood samples after being 
exposed directly to an open butane flame. As shown in Figure 
S8a in the Supporting Information, the natural wood ignited 
within 5 s, resulting in a significant flame spread. The flam-
mability of natural wood is caused by its components (cellulose, 
hemicellulose, and lignin) and porous structure. After partial 
delignification, the treated natural wood shows a similar burning 
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Figure 2. Morphology and structural characterization of natural and densified wood. a,b) SEM images of the natural wood: a) cross-sectional view 
and b) top view. Inset: Photograph of natural wood. c,d) SEM images of the densified wood: c) cross-sectional view and d) top view. Inset: Photograph 
of the densified wood. e) FTIR spectra of the natural, densified, and wood char samples. f) Photograph of the densified wood after combustion in a 
cone calorimeter at 30 kW m−2 for 2 min. g–i) Top-view SEM images of the outside, middle, and inside of the densified wood after combustion. I: The 
outer layer: porous wood char; II: the middle layer: dense wood char; III: the inner layer: unburned densified wood.
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behavior as the natural wood but burned out quickly due to the 
removal of flammable lignin (Figure S8b, Supporting Infor-
mation). Compared with natural wood and natural wood after 
delignification, the pressed natural wood without delignifica-
tion shows slightly delayed ignition and flame spread, revealing 
the improved fire retardance by the densified wood structure 
(Figure S8c, Supporting Information). However, the natural 
wood cannot be completely compressed due to the rigid wood 
cell walls and the many pores that remain in the pressed natural 
wood.[29–31] By contrast, using our two-step fabrication strategy, 
the densified wood with a totally collapsed wood structure can 
withstand continuous exposure to the butane flame until 90 s 
and self-extinguish at 97 s, clearly demonstrating the structure-
induced improvement to the flame resistance (Figure S8d and 
Videos S1–S4, Supporting Information). In addition, we evalu-
ated the critical heat flux (qcrit) for ignition as an index parameter 
for the lowest thermal load needed to initiate a combustion reac-
tion in order to quantitatively characterize the fire retardance of 
the wood samples.[32,33] The cone calorimeter experiment was 
conducted in accordance with the conditions and equipment 
specified in ASTM E1354.[34] With various external heat fluxes 
(qex) of 13, 15, 18, 20, 30, and 40 kW m−2, the ignition time can 
be fitted according to Equation (1)[35,36]

t
b

q q
ig

ex crit

=
−

 

(1)

in which b is a fitted constant, tig is the ignition time, qex is the 
external heat flux, and qcrit is the critical heat flux. As plotted in 
Figure 3a, the tig decreases with increasing qex for both wood 
samples. The fitted curves generally agree with the measure-
ments, with R2 coefficients of 0.99 for both wood materials, 
respectively. The corresponding qcrit of both wood samples are 
12.2 kW m−2 since the samples are the same wood material. 
Ideally for a thermally thick material, the lowest heat flux to 
introduce ignition compensates the surface heat losses. Igni-
tion temperature is calculated and compared by Equation (2)
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where hc represents a convective heat transfer coefficient, 
which is constant to be 15 W m−2 K[33]; T∞ is the ambient 

temperature (298 K), and σ is the Stefan–Boltzmann constant 
(5.67 × 10−8 W m−2 K−4). Since the qcrit is the same for both 
wood sample, the Tig of wood samples is calculated to be 340 °C 
(Table 1). Thermal response parameter (TRP) is an indicator of 
ignition time delay after the materials being exposed to the qex. 
It defines as
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where the product of the thermal conductivity k, density 
ρ, and heat capacity cp of the specimen is called the thermal 
inertia.[37,38] The TRP is calculated by Equation (4), which is the 
slope of the fitted curve in Figure 3b
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Equation (4) is invalid for the qex near the qcrit. Thus, the 
experimental result of qex = 13 kW m−2 is excluded from TRP cal-
culation. The higher value of the TRP indicates the longer time 
to ignition. The TRP of densified wood is 308 ±  9 s0.5 kW m−2,  
while natural wood only has 226 ±  43 s0.5 kW m−2 (Table 1). The 
thermal inertia of densified wood is 1.21 ±  0.21 s kW2 m−4 K−2,  
which is nearly two times higher than natural wood 
(0.657 ±  0.20 s kW2 m−4 K−2). Overall, the densified wood has 
a lower maximum HRR, average HRR, and heat of combustion 
(Δhc) than natural wood under all the tested qex, presenting a 
better flame retardancy (Table 2).

The material steady burning behavior is further studied. 
Figure 4a compares the HRR profiles of natural wood and den-
sified wood at an external heat flux of 30 kW m−2. The HRR 
profiles of natural wood and densified wood show two peaks 
associated with the ignition and maximum heat release rate. 
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Figure 3. Ignition test results from cone calorimeter: data point for tig and the fitted tig curve plotted with respect to external heat flux values for natural 
wood and densified wood. a) Critical heat flux (qcrit) and b) TRP are determined.

Table 1. Measured values of qcrit, Tig TRP, and kρcp for the testing wood 
samples. The 95% confidence intervals are shown.

Materials qcrit [kW m−2] Tig [°C] TRP [s0.5 kW m−2] kρcp [s kW2 m−4 K−2]

Natural wood 12.2 ±  0.3 339 ±  4 226 ±  43 0.657 ±  0.20

Densified wood 12.2 ±  2.3 340 ±  34 308 ±  9 1.21 ±  0.21
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Figure 4b,c schematically presents the combustion behavior of 
the natural wood and densified wood, respectively. The incident 
qex pyrolyzes the wood samples by releasing combustible gases. 
As the mass flow rate of the combustible fuel near the pilot 
ignitor exceeds the lower flammable limit of the fuel/air ratio, 
ignition occurs with a rise of HRR to the first peak. As the 
pyrolysis front grows inward, a layer of char gradually builds up 
serving as a thermal resistance layer between the wood surface 
and the inner virgin wood. Therefore, HRR decreases after the 
first HRR peak. As the temperature grows, the char layer starts 
to crack on the surface, which creates an easy pathway to the 
volatiles inside the wood. As the cracks grow wider and deeper, 
HRR reaches a maximum. We observed that the HRR peaks 
of the densified wood emerged after longer time and at lower 
intensities than the natural wood, with a 34.6% reduction in 

the maximum HRR peak at an external heat flux of 30 kW m−2. 
Compared with natural wood, the densified wood has a very 
dense and strong self-formed char layer (Figure S9, Supporting 
Information), which reduces the flow rate of volatiles and 
maintains the HRR at a low value for almost 500 s (Figure 4a). 
As the self-formed char layer starts to crack, the dense structure 
slows down the growth of these fissures. Thus, the maximum 
HRR peak of the densified wood is much smaller than that of 
the natural wood. After the volatiles are exhausted, flaming 
combustion ceases and smoldering combustion takes place. The 
reaction then becomes oxidizer diffusion dominated.[28,34] The 
2.08-fold increase in tig and 26% decrease in average HRR of the 
densified wood further indicates the effectiveness of the dense 
self-formed char layer in increasing the difficulty of burning 
the wood (Figure 4d,e). Moreover, we found the effective heat 
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Table 2. Average values of HRRave, HRRpeak, m� ave
, tburn, m

m0

Δ , and Δhc for the testing wood samples. The 95% confidence intervals are shown.

Materials HRRave [kW m−2] HRRpeak [kW m−2] m� ave [mg s−1] tburn [s] m
m0

Δ
 
[%] Δ hc [kJ g−1]

Natural wood 180 ± 17 259 ± 22 116 ± 8 166 ± 43 50.7 ± 11 14.0 ± 0.6

Densified wood 121 ± 31 194 ± 12 99.8 ± 30 522 ± 82 70.4 ± 5.5 13.0 ± 2.8

Figure 4. a) HRR plots of natural wood and densified wood at an external heat flux of 30 kW m−2. Schematic representation of the combustion behav-
iors of b) natural wood and c) densified wood. d) ignition time, e) average heat release rate, and f) effective heat of combustion of natural wood and 
densified wood at an external heat flux of 30 kW m−2.
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of combustion (Δhc) of the densified wood decreased by 14% 
compared with natural wood, indicating the reduction of the 
heat emission ability of the densified wood during combustion 
(Figure 4f). Although the total heat release (THR) of the densified 
wood shows a slightly higher value than that of the natural wood 
due to its higher density, if divided by mass the specific THR 
of the densified wood is actually 1.5 times lower (Figures S10  
and S11, Supporting Information). Overall, the 2.08-fold 
increase in tig, 34.6% decrease in maximum HRR, 26% decrease 
in average HRR, and 14% decrease of Δhc reveal the overall 
improvement of the fire retardancy of the densified wood. 
Meanwhile, the steady burning behavior of natural wood and 
densified wood at the external heat flux of 20 and 40 kW m−2 are 
shown in Figures S12 and S13, Supporting Information, respec-
tively. The ignition time for both wood samples decreased as qex 
increased. In general, a higher qex pyrolyzes the fuel faster. As 
a result, the fuel/air gas mixture reaches its lower flammability 
limit faster and ignition occurs. Table S1 in the Supporting 
Information lists HRRave, HRRpeak, mave, and Δ hc for both nat-
ural wood and densified wood with increasing heat flux. As qex 
increases, the local temperature near the flame increases, which 
enhances the chemical reaction rates and therefore increases 
HRR and mave for both samples. There is no change in Δ hc 
with the different values of qex since both samples are made of 
the same wood. However, the obvious improvement in ignition 
time and the decrease in maximum HRR of densified wood at 
various heat fluxes confirm the effective fire retardancy of the 
dense and self-formed char layer on the densified wood sur-
face. The combustion performance between the densified wood 
without fire retardants and other flame-retardant techniques 
further proved the superior fire retardancy of densified wood 
(Table S2, Supporting Information).[15,16,39–41]

The rapid decrease in the strength of burned wood caused 
by the decomposition of its components (cellulose and lignin) 
is a long-standing challenge in wooden structural design. It is 
noteworthy that the laminated structure of the densified wood 
with oriented cellulose nanofibrils contributes to an outstanding 
mechanical strength,[29] which we hypothesized could be main-
tained even after exposed to fire. We studied the compressive 
strength of the densified wood after pyrolysis the material in a 
tube furnace. Figure 5a,d,g shows the schematic representation 
of the wood compression tests along the growth direction after 
different burning times at 500 °C in the air. Figure 5b compares 
the compression stress–strain curves of unburned natural wood 
and unburned densified wood. Curves of both wood samples 
show linear deformation behavior before compression failure. 
The densified wood demonstrates a super high compressive 
strength of 101 MPa, which is 3.5 times higher than that of 
natural wood (Figure 5c). With the burning time increased to 
60 s, the compressive strength of natural wood was significantly 
reduced from 39 to 28 MPa, while the compressive strength of 
the densified wood was maintained at 100 MPa, which is almost 
the same as its original value (Figure 5e,f). Further extending 
the burning time to 90 s, the compressive strength of natural 
wood approached 0 MPa, suggesting the wood material had 
completely lost its mechanical strength. By contrast, at this 
burning time the densified wood still maintained a very high 
compressive strength of 82 MPa, which is still 2.2 times higher 

than the unburned natural wood (Figure 5h,i). Figure 5j shows 
the distinct variations of the compressive strength with heating 
time for both wood samples. When the heating time increases 
from 0 to 90 s, the compressive strength loss of the natural wood 
is 100%, while the densified wood loss is only 18%. The digital 
images of the wood samples after the compressive tests confirm 
the significant enhancement in the compressive strength of the 
densified wood (Figure 5k). The natural wood after burning for 
90 s was easily pressed into carbon residue, while the densified 
wood retained its shape. Moreover, the compressive strength of 
densified wood along the radius direction (R) and the tangen-
tial (T) direction are ≈46 and 21 times higher than those of nat-
ural wood, respectively (Figure S14, Supporting Information). 
The flexural stress of the densified wood is also about 4.5 and  
9.6 times higher than that of natural wood perpendicular to 
and along the wood growth direction, respectively, indicating 
the excellent mechanical properties of the densified wood  
(Figure S15, Supporting Information).

3. Conclusion

In conclusion, we have demonstrated an additive-free strategy 
to simultaneously enhance the mechanical robustness and fire 
retardancy of wood materials with oriented cellulose nanofibrils 
by delignification and densification. The laminated structure 
imparted by the delignification and densification treatment 
enables the formation of a dense wood char layer on the surface 
of the densified wood when burned. Consequently, the densi-
fied wood displayed a strong increase in thermal response 
parameter and the time required to reach ignition at a series of 
external heat flux, indicating a substantial improvement of the 
ignition degree. Specifically, the densified wood demonstrates 
an overall enhancement in fire retardancy, including a 34.6% 
decrease in HRR, a 26% reduction in average HRR, and a 14% 
decrease of Δhc at an external flux of 30 kW m−2. In addition, 
the densified wood can be self-extinguished after removing 
fire. We ascribe the enhanced flame-retardant properties of the 
densified wood to the self-formed wood char layer, which acts 
as both a gas barrier and thermal shield that contribute to the 
delayed thermal degradation of the wood and emission of vola-
tile combustible gases, which greatly protects the interior densi-
fied wood structure. Thus, excellent mechanical properties of 
the densified wood can be well maintained after burning, which 
greatly improves the fire safety of wood materials. This wood 
char self-formation mechanism induced by the densified wood 
structure is demonstrated to be a promising, sustainable, and 
efficient method for fire protection and reinforcement, which 
can be used as a stand-alone alternative or in combination with 
current flame-retardant solutions. The mechanically robust and 
fire-retardant densified wood offers a practical solution toward 
safe, durable, and green buildings.

4. Experimental Section
Materials and Chemicals: Basswood (Saunders Midwest LLC) was 

used in the study. The chemicals used in this work for partial lignin 

Adv. Funct. Mater. 2019, 29, 1807444
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removal were Na2SO3 (>98%, Sigma-Aldrich) and NaOH (>98%, 
Sigma-Aldrich).

Synthesis: Natural wood samples (typical wood dimensions: 10 cm × 
10 cm × 25 mm; 10 cm × 5 cm × 25 mm) were immersed in 1000 mL 

of mixed 2.5 m NaOH and 0.4 m Na2SO3 solution and boiled for 24 h,  
followed by rinsing in distilled water several times to remove 
the chemicals. Then, the wood samples were pressed at 100 °C 
under a pressure of 5 MPa for ≈24 h to obtain the densified wood 

Figure 5. Compressive strength of natural wood and densified wood. a,d,g), Schematics of compression tests of the natural and densified wood 
samples after different burning times. b,e,h), Corresponding compressive stress as a function of compressive displacement of the wood samples. 
c,f,), Comparison of the corresponding compressive strengths of the natural and densified wood materials. j) Variation of the compressive strength 
of the natural and densified wood. k) Photograph of the wood samples after the compressive tests.
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(10 cm × 10 cm × 6 mm; 10 cm × 5 cm × 6 mm). The experimental 
details are shown in Figure S16 in the Supporting Information.

Characterization: The morphology of the wood samples was observed 
by SEM using a Hitachi SU-70 SME. FTIR spectra were recorded on a 
6700 spectrometer (USA) over the range of 600–4000 cm−1 to determine 
the functional groups of the wood samples. Raman spectra were 
performed on a LabRAM Aramis model (Horiba Jobin-Yvon) using a 
532 nm laser.

Mechanical Tests: Wood specimens of 9 mm (tangential) × 9 mm 
(radial) × 4.5 mm (longitudinal) were first heated in a tube furnace 
(OTF-1200×) at 500 °C for 0, 60, and 90 s in an air atmosphere. Then, 
the deformation behavior under compression was measured using a 
Tinius Olsen H5KT tester with a cross-head speed of 1 mm min−1. For 
three-point bending tests, the dimensions of the wood samples were 
50 mm by 50 mm by 7 mm. The span between the two bottom rollers is 
34 mm and the top roller pressing down with the speed of 1 mm min−1.

Butane Flame Test: Wood samples with a size of 20 mm × 20 mm × 
7 mm were vertically fixed. A butane flame with 4 cm luminous length 
was used to ignite the wood sample for 60 s. The angle between the 
wood and the flame was fixed at 30° to ensure full contact.

Cone Calorimetry Measurements: The combustion tests were carried 
out on a cone calorimeter according to the ASTE1354.[34] Equipment 
used in accordance with the standard includes a conical radiant electric 
heater, specimen holders, an exhaust gas system with oxygen monitoring 
(Servomex 540E) and flow measuring instrumentation (Omega FMA-
1680A), an electric ignition spark plug, a data collection (Fluke ITS-90) 
and analysis system, and a load cell (Satorius WZA8202-N). The incident 
heat fluxes used were 13, 15, 18, 20, 30, and 40 kW m−2.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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