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A B S T R A C T

Flame retardant modification of leaf fibers was carried out to solve the technical problem of poor fire resistance of
plant fibers and improve the utilization rate of urban fallen leaves in building materials. The modification scheme
adopts three flame retardants, i.e., ammonium polyphosphate (APP), magnesium hydroxide (MH), and aluminum
hydroxide (ATH), and two covering layers, i.e., pure acrylic polymer lotion and water glass (Na2O ⋅ nSiO2) so-
lution. The modified leaf fiber's combustion behavior and pyrolysis properties were tested and analyzed. The
physical and mechanical characteristics, as well as the thermal insulation qualities, of leaf fiber cement-based
composites (LFCC) were studied at high temperatures. The findings revealed that the three flame retardants
had an effect on the chemical structure of leaf fibers. In comparison to leaf fibers without flame-retardant
modification, flame-retardant-modified leaf fibers have a much greater thermal stability. and its LOI is greater
than 27.0%, which is a fire-retardant material. Except for the sample with water glass as the modified cover layer,
at high temperatures, the composite flame-retardant fiber LFCC's mass-loss rate is lower compared with fibers
without flame-retardant modification or fibers modified with only one kind of flame-retardant. In the composite
flame-retardant modified fiber LFCC, the samples with better strength at high temperature are those with ATH
replacing 30% and 50% MH. The thermal conductivity of LFCC is negatively correlated with the range of tem-
perature change.
1. Introduction

Currently, the research on improving the flame retardancy of fiber
composites through the modification of plant fibers worldwide mainly
focuses on papermaking materials, fiber resin matrix composites, wood
plastic composites, and so on. Faseha Shukor et al. [1] studied the effect
of ammonium polyphosphate on flame retardancy, thermal stability, and
mechanical properties in alkali-treated kenaf fiber/polylactic acid (PLA)
biological composites. K. Ramanaiah et al. [2] studied the mechanical
properties, thermophysical properties, and flammability of sargassum
fiber/polyester composites. Nannan Li et al. [3] studied the flame
retardant and reinforcement modification of ramie/polyethylene com-
posites through surface treatment of ramie fabrics. However, in most
literature, the flame-retardant modification of plant fibers is limited to
wood flour fiber, flax fiber, sisal fiber, etc. No reports on the flame
retardancy of leaf fiber cement-based composites.
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According to statistics, the number of fallen leaves in the cities in-
creases yearly in autumn. The weight of fallen leaves from Beijing and its
surrounding areas alone is more than 100 tons per day. Such a spectac-
ular scene lasts about a month, while the number of leaves falling at the
peak is about 3,000 tons per day in downtown Beijing [4]. The primary
research and applications of leaves have focused on producing fertilizer,
feed, and medicine in China. However, few research and applications
have used leaves as a building material. Most cities and regions do not
have adequate conditions to turn leaves into fertilizers, so most fallen
leaves are transported to garbage dumps to be burnt or buried. The
burning debris will produce many floating dust and carcinogenic sub-
stances, such as tribenzopyrene and tetrabenzopyrene, increasing par-
ticulates in the air [5], and severe air pollution, severely impacting
people's health. Nearly 30%–40% of the fallen leaves cannot be recycled,
causing environmental pollution. Therefore, it is a new subject for sci-
entific research workers to turn their attention to fallen leaves in the
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cities and find ways of turning them into treasures to reduce urban smog
weather and beautify the urban environment.

Plant fiber cement-based composites are a kind of green environment-
friendly building material made of cement as the cementation material
and plant fibers as reinforcing material through a series of technological
processes and cement hydration and hardening [6, 7].

If the fallen leaf fibers are applied to cement-based composite mate-
rials, and the composite materials are widely used in construction, it
would be a powerful way to solve recycling fallen leaf fibers [8, 9]. In
thermal insulation building materials, we can fully use the light, porous
and thermal insulation characteristics of fallen leaf fibers to make ther-
mal insulation materials alone or combined with other materials [10].

As a natural high molecular polymer, plant fibers will degrade ther-
mally at a certain temperature. Thermal degradation first destroys fibers'
structure and then affects the strength and other properties of the com-
posite material. Additionally, plant fibers prone to igniting fiercely in
flame because its combustible properties, creating a large amount of
smoke and hazardous fumes [11] and cause inflicting injuries and
financial damage. Plant fibers' poor fire resistance performance is one of
the most significant shortcomings limiting their application in con-
struction. To reduce the hazards and losses of fire and prevent cata-
strophic fires, countries worldwide are generally concerned about
developing and producing flame retardants and flame-retardant plant
fibers. Plant fiber composite wall materials' flame retardancy has
attracted more attention [12]. In plant fiber cement-based composite
materials, plant fibers are encased in cement substrate, this situation will
adjourn or greatly reduces the fibers' flammability. There is still more
research that needs to be done on the mechanical and physical properties
of plant fiber cement-based composite materials at high temps.

To boost the usage rate of fiber plants in buildings, the technical issue
of their low flame-proof performance must be addressed. Modifying fiber
plants and treating flame retardants are critical to resolving this issue
[13].

In this paper, the raw material was the fallen leaves in the cities with
enormous output in China. The research object, fibers made from poplar
leaves, and we modify the fibers using a variety of flame retardants. The
combustion behavior and pyrolysis performance of leaf fiber and leaf
fiber cement-based composites (LFCC) were tested and analyzed. It was
investigated how modified leaf fiber affected the properties of LFCC at
high temps. The changes to the modified leaf fiber's chemical compo-
nents, chemical structure, and thermal stability as well as the micro-
morphology of the LFCC hydration products at high temps were analyzed
from the micro point of view. Then, the modified leaf fiber's influence
mechanism on the characteristics of LFCC at high temps was investigated.

2. Materials and methods

2.1. Materials

(1) Cement: 42.5R “Diamond” Brand ordinary Portland cement pro-
duced by Yanjiao New Building Materials Co., Ltd., Sanhe City,
Hebei Province, China. The chemical composition of cement and
mineral admixtures is shown in Table 1.

(2) Fly ash: II fly ash from Beijing Shijingshan Power Plant, China.
The chemical composition of the fly ash is shown in Table 1.

(3) Leaf fibers: The leaves are poplar leaves (from now on referred to
as leaves) collected from Beijing's downtown areas in November.
The collected leaves were dried, crushed, screened, and processed
into fibers (granules). The fiber size range was set to 0.3–1.18mm
Table 1. Chemical composition of cement and mineral admixtures (wt.%).

Type of materials CaO SiO2 Al2O3 Fe2O3

Cement 62. 38 25. 52 6. 15 3. 27

Fly ash 1. 93 54. 88 32. 12 4. 28
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to increase the comparability. The screened leaf fibers were
combined according to the mass ratio of 0.3 mm: 0.6 mm: 1.18
mm ¼ 1:1:1. Figure 1 depicts the appearance and morphology of
poplar leaves and fibers, while Table 2 depicts the chemical
components of leaf fibers. Table 3 displays the bulk density and
apparent density of leaf fibers with varying particle sizes.

(4) Polycarboxylic acid superplasticizer (PC): Purchased from Beijing
Muhu Admixture Co. Ltd., China, PH ¼ 8.5–9.5, solid content
�97%, density 498.0 kg/m3, water reduction rate >35%, and
dosage 0.6%–1.3%.

(5) Calcium chloride (CaCl2): Produced by Beijing Chemical Plant,
China, density 2150 kg/m3 and melting Point 782 �C.

(6) Triethanolamine (N(CH2CH2OH)3): Produced by Beijing Chemi-
cal Plant, China, boiling point 360.0 �C, andmelting point 21.2 �C.

(7) Water: Drinking water complied with China's national standards,
pH ¼ 6.91 at 25 �C.

(8) Pure acrylic polymer emulsion: PRIMAL MAC-261P acrylic poly-
mer emulsion by Rohm and Haas, USA, density 1.04 g/ml, total
solid content 50.0%.

(9) Water glass solution (Na2O⋅nSiO2): Produced by Beijing Yongfei
Adhesive Factory, China, modulus 3.1, Baum�e scale 40�, density
1.38 g/ml, total solid content 36.20%.

(10) Flame retardant: Procured from Taixing Fine Chemical Co., Ltd.,
Jinan, Shandong Province, China. ①Ammonium polyphosphate
(APP): The model is HT-208, P2O5 content�57.0%, and N content
�12.0%, easily soluble in water, pH value 4.5–6.5. ②Magnesium
hydroxide (MH): Themodel is HT-206, Mg(OH)2 content�91.5%,
molecular weight 58.3 and density 2.36 g/cm3, loss of ignition
�28%, pH value 9–11.③Aluminum hydroxide (ATH): The model
is HT-205, Al2O3 content �64.0%, molecular weight 78, and
density 2.42 g/cm3, loss of ignition 34.0%–35.0%, and pH
8.5–10.5.

2.2. Methods

(1) Determination of the maximum solubility of flame retardants

Three flame retardants, APP, MH, and ATH, were used to test the
three flame retardants' maximum solubility at different water tempera-
tures (the suspension that can be sprayed is enough) to facilitate the
spray modification of leaf fibers. The results are shown in Table 4.

(2) Modification methods of leaf fibers

The fibers were pretreated with physical processes. First, the leaf
surfaces were sprayed with a flame-retardant solution. When dried, we
apply another flame-retardant solution, spraying it over the surface.
Finally, in order to cover the fiber surfaces in a thin layer, acrylic polymer
emulsion or sodium silicate solution was sprayed onto them. During the
concrete mixing and molding procedure, flame retardants wrapped on
the fiber can easily be lost into the cement, affecting the fibers' flame-
retardant effect. The covering layer could prevent that by encasing and
shielding the flame retardant. The modification method of leaf fiber is
shown in Figure 2. The specific way is to smoothly spray the flame-
retardant solution from the sprayer nozzle in a foggy form and achieve
a uniform coating. The flame retardant to water dilution ratio was 1:1
(mass ratio). Before dilution, the following is the ratio of flame retardant
to the mass of plant fibers: APP, MH, and ATH APP accounted for 60% of
fiber mass, and before dilution, sodium silicate solution and acrylic
TiO2 MgO SO3 Na2O Ignition loss

0. 57 1. 54 1. 65 0. 21 2. 87

— 1. 45 1. 46 — 3. 82



Figure 1. Appearance of poplar leaves and their fibers: (a) Poplar leaves; (b) Poplar leaves fibers.

Table 2. Chemical composition of leaf fibers (wt.%).

Item Moisture content Ash content Holo-cellulose Cellulose Pentosan Lignin Pectin Extracts of different solutions

Hot water Cold water Alcohol benzene 1% NaOH

Leaf fibers 5.15 13.15 50.78 25.48 10.44 23.00 — 33.51 28.31 21.44 38.54

Note: It is determined following China's national standard GB/T 2677 the Testing Methods of Relevant Components of Paper-making Materials. Holocellulose is the sum
of cellulose and hemicellulose in raw materials of plant fibers, also known as full-cellulose.

Table 3. Bulk density and apparent density of leaf fibers with different particle
sizes (kg/m3).

Particle size (mm) 4.75 2.36 1.18 0.6 0.3 0.15 & below

Bulk density 97.2 176.1 234.4 280.3 282.1 302.2

Apparent density 224.6 306.7 336.8 357.1 295.4 297.5

Note: The sieving of leaf fibers with different particle sizes and the bulk density
tests were carried out in accordance with China's national standard GB/T14684-
2001 (Building sand).

Table 4. Maximum solubility of flame retardants (g/100g water).

Type 20 � 0.5 (�C) 40 � 0.5 (�C) 60 � 0.5 (�C)

APP 40 50 60

MH 30 40 50

ATH 30 40 50

D. Jiang et al. Heliyon 8 (2022) e12175
polymer emulsion accounted for 42% of the fiber mass. The sprayed fi-
bers were placed into an electric blast and dried at 85� 1 �C for 24–30 h.
They were cooled at room temperature and put in sealed plastic bags for
future use when reaching the dried state.

(3) Mixing ratio of LFCC
Figure 2. Sketch map of modification method of leaf fibers.
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Table 5 displays the LFCC mix proportion. In order to properly mix,
the mixture's consistency should be regulated at 30�3mm, and the ad-
justments to water consumption should be made accordingly [14].

(4) Fabrication of LFCC mechanical property specimens

Related work was carried out according to GB/T17671-1999 [15].
The size of samples was 40 mm� 40 mm� 160mm, and standard curing
was 28d. From each group, we selected three specimens, dried,
numbered, and weighed them; their mean strength was used to deter-
mine the test result for this group.

(5) Test of LFCC insulation performance

Relevant tests are carried out as described in GB/T10294-2008 [16].
SSX-DR300 intelligent Double Plate Thermal Conductivity Tester (by
Shaoxing City, China) was used to measure thermal conductivity. The
hot-plate temperature was set to 50 �C and the cold-plate temperature at
30 �C. The mix proportion of the specimens was the same as that of the
mechanical property test specimens. The size of the samples was 300 mm
� 300 mm � 30mm. At a temperature of 85 �C, we dried the samples for
24–30h before the test after 28 days of conventional curing. Two plate
specimens from each group were tested for their thermal conductivity.
LCFF's eventual assessment of their thermal insulation performance
depended on the mean of the test results of two specimens.

(6) Performance test of LFCC at high temperatures

We conduct LFCC high-temperature heating experiments using a box-
type resistance furnace. The specimens in the furnace are shown in
Figure 3. Set the heating rate to 10 �C/min, and set the test temperature
to 25 �C, 150 �C, 250 �C, 350 �C, 500 �C, and 650 �C. The furnace will
Table 5. Mix ratio of LFCC (kg/m3).

Cement Fly
ash

Leaf
fibers

Total water
consumption

PC CaCl2 N(CH2CH2OH)3

668.25 74.25 111.28 360 5.94 14.85 0.74



Figure 3. LFCC specimens in furnace.
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continue to heat until it reaches the previously set temperature; it will
keep heating at the constant temperature for an hour; and then the
furnace door will be opened to allow the specimens to cool. The samples
were cooled to room temperature for other performance tests.

(7) Thermal stability analysis of leaf fibers and flame retardants

Hitachi STA7300 Thermogravimetric Analyzer analyzed the thermal
stability of the samples. Weigh 5–10 mg of the samples and put them into
the crucible. With the protection of nitrogen, we set the heating rate to 10
�C/min, and the heating range was set to 30�C–1000 �C The weight loss/
weight loss rate (TG/DTG) curve was chosen as the test mode.

(8) Analysis of the flammability of leaf fibers

The Limiting Oxygen Index (LOI) is used to evaluate materials' com-
bustion properties [17]. The flammability of modified leaf fibers was
evaluated using the JF-3 oxygen index tester. The determination method
was carried out regarding GB/T2406.2–2009 [18] and GB/T 5454–1997
[19]. Sample preparation: The leaf fibers were inserted into a Φ10 mm �
120 mm paper tube, and the sample's fibers were made homogeneous
and solid by compacting it with a thin wooden rod. For each modification
scheme, five samples were chosen, and the average LOI of the five pieces
was used as the outcome. Figure 4 shows the LOI test specimens and
instruments.

(9) Chemical structure analysis of flame retardant and leaf fibers

A Tensor 27 Fourier Transform Infrared Spectrometer (FTIR) by
Bruker, Germany, was used to analyze the chemical structure of the flame
retardants and the leaf fibers. The scanning wavenumber range was set to
Figure 4. LOI test specimens and instrum
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4000-400 cm-1, scanning times 32 times, and resolution 4cm�1. The
sample was made by mixing KBr and test materials into a semi-
transparent ingot tablet. Way to prepare samples: 3.5mg test materials
and a homogeneous transparent ingot tablet was obtained by pouring
300 mg of the 350 mg of KBr that had been added to the agate mortar,
mingled, and ground into a pressing die pressed for 1–2 min, under
pressure of around 10 MPa.

(10) Analysis of micro-morphology of leaf fibers and their LFCC

The micro-morphology of leaf fibers and their LFCC were examined
using a Carl Zeiss NTS, Germany, SIGMA Thermal Field Emission Scan-
ning Electron Microscope (SEM). In addition, the chemical composition
of the leaf fiber microzones was examined using an X-MAX-20 X-ray
Energy Dispersive Spectrometer (EDS) by Oxford, the UK, linked to a
scanning electron microscope. We set the test voltage to 2 kV when we
observe the leaf fiber. First, we dry the samples at 75 � 1 �C and then
sparge gold onto them for 30 s before testing. When watching LFCC, the
test voltage was 10Kv. The same 28-day-old specimens used in the me-
chanical properties test were dried at 85� 1 �C, broken into 2mm-square
pieces, and then sprayed with gold for half a minute.

(11) Modification scheme of leaf fibers

Table 6 displays the modification scheme for the leaf fibers. Corre-
sponding to the serial numbers of each project in Table 6, in the
following, the specimen marks of the leaf fiber performance test are
Y0~Y7, and the specimen marks of the LFCC performance test are YC-
1~YC-7.

3. Results and discussion

3.1. Chemical structure of flame retardants and leaf fibers

The chemical structure and functional groups of flame retardants and
leaf fibers can alter, and this can be detected using Fourier Infrared
Spectroscopy (FTIR). The FTIR spectra of flame retardants and leaf fibers
are shown in Figures 5 and 6, respectively.

As shown in Figure 5, APP has an antisymmetric stretching vibration
peak of NH4þ at 3431 cm-1, N–H stretching vibration peak of ammo-
nium polyphosphate at 3242 cm-1, and N–H bending vibration peak at
1668 cm-1, P¼O stretching vibration peak at 1290 cm-1. 1115cm-1 is the
asymmetric stretching peak of the P–O bond, and 916cm-1 is the sym-
metric stretching peak of the P–O bond of ammonium polyphosphate
[20, 21]. The stretching vibration peak of Mg–OH is denoted as MH. at
3705 cm-1 and O–H and Mg–OH bending vibration peaks at 1634 cm-1
and 1437 cm-1, respectively [22, 23, 24]. Adsorbed water and the –OH
ents: (a) specimens; (b) instruments.



Table 6. Modification scheme of leaf fibers.

No. Scheme

0 No treatment

1 Non-flame retardant →Pure acrylic

2 APP→ Pure acrylic

3 APP þ MH→ Pure acrylic

4 APP þ MH þ ATH→ Pure acrylic

5 APP þ MH�0.7 þ ATH (replacing 30%MH)→Pure acrylic

6 APP þ MH�0.5 þ ATH (replacing 50%MH)→Pure acrylic

7 APP þ MH�0.5 þ ATH (replacing 50%HM)→Water glass
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group's stretching vibration may be superimposed at the absorption
peaks at 3622 cm-1 and 3549 cm-1 in ATH, The CO2 deformation vi-
bration has an absorption peak at 2361 cm�1. The absorption peak at
1628 cm-1 is the deformation vibration of adsorbed water. At 1396 cm-1,
the absorption peak corresponds to the OH group's in-plane bending vi-
bration, at 1020 cm-1, 968 cm-1, and 914 c cm-1, and at 667 cm-1, the
absorption peak corresponds to the stretching vibration of the Al–O
group [25].

In Figure 6(a), comparing Y1 with Y0, the pure acrylic emulsion film
acts on the surface of the leaf fibers through a blue shift at 3447 cm�1, the
appearance of the absorption peak at 2957 cm�1, and the enhancement
of the peak value at 1743 cm�1, and the like. APP in Y2 increases the
absorption peak of hydroxyl stretching vibration by NH4

þ at 3443 cm�1

and increases the absorption peak value of hydroxyl stretching vibration
by 1269 and 1269 in Y2. Moreover, the P¼O stretching vibration peak of
ammonium polyphosphate at 3699 cm�1 acts on the surface of leaf fibers;
MH in Y3 is successfully adsorbed on leaf fibers' surface with the
appearance of free OH stretching vibration characteristic band at 3699
cm�1 to modify them [26, 27, 28, 29].

In Figure 6(b), it can be seen that ATH in Y4 acts on the surface of leaf
fibers through the superposition effect of the characteristic bands of
stretching vibration of free –OH in ATH at 3524 cm-1 and the stretching
vibration at 667 cm-1 of Al–O in ATH. In comparison to Y3, in Y5 and y6,
the stretching vibration peak of the free –OH group of MH at 3699 cm-1
gets blurrier as the rate at which ATH replaces MH increases, and the
corresponding deformation vibration peak of –OH at 1024 cm-1 and
Al–O corresponding stretching vibration peak at 667 cm-1 becomes more
evident, indicating that the substitution of MH by ATH affects the
chemical structure. When Y7 was compared to Y6, the C¼O bond
stretching vibration absorption peak of ethyl acrylate (EA) molecules at
1743 cm-1 vanished, and characteristic Si–O–Si stretching vibration
peaks in sodium silicate appeared at 1090 cm-1 and 469 cm-1. These
Figure 5. FTIR spectra of three flame retardants.
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results show that the sodium silicate coating was successful in acting on
the exterior of leaf fibers [30, 31].

As shown in Figure 6, the flame-retardant modifiers and the exterior
coating have an impact on chemical groups of leaf fibers. Thus, the
change in chemical structure is bound to influence leaf fibers' thermal
stability, flammability, and physical and mechanical properties.

3.2. Thermal stability of flame retardants and leaf fibers

3.2.1. Thermal stability of flame retardants
The TG/DTG analysis results of APP, MH, and ATH [32, 33, 34, 35]

are shown in Figure 7. As shown in Figure 7(a), the thermal decompo-
sition of APP can be roughly divided into three stages. The volatilization
of a minor quantity of adsorbed water was mostly responsible for the first
stage, which ranged from 30 �C to 182.6 �C. The second stage, from 182.6
�C to 542.9 �C, primarily generated ammonia and water vapor, and the
product was polyphosphoric acid. In the third stage, from 542.9 �C to
1000 �C, the weight loss was mostly brought on by the generation of
phosphorus oxides produced by the continued oxidation of poly-
phosphoric acid (To create P–O molecules, polyphosphate consumed
H2O).

As shown in Figure 7(b), the thermal decomposition of MH can be
roughly divided into two stages: the first stage was 30–428.1 �C, mostly
brought on by the absorbed water's release and the majority of the bru-
cite's. Brucite was transformed into periclase. The second stage was
428.1–701.5 �C, mainly caused by escaping residual crystal water from
brucite and the transformation into magnesium oxide.

The thermal degradation of MH could be generally separated into two
phases, as illustrated in Figure 7(b). The first stage was from 30 �C to
274.9 �C, mainly the adsorption of water volatilization and partial
dropout of OH from the gibbsite. The second stage was from 274.9 �C to
314.6 �C, Al (OH)3 was severely dehydrated at this stage, and most of the
OH was dropped out from the gibbsite and converted into diaspore
AlO(OH). The third stage was from 314.6 �C to 558.3 �C, mainly the
dropout of gibbsite OH, transforming into Al2O3.

3.2.2. Thermal stability of leaf fibers
Figure 8 displays the results of the TG/DTG analysis of leaf fibers [36,

37, 38, 39], and Figure 9 displays the residual weight rate of Y0–Y7 after
pyrolysis at 1000 degree centigrade.

Figure 8(a), the pyrolysis process of Y0 leaf fibers can be broadly
separated into three phases three stages: the first stage was from 30.0 �C
to about 131.91 �C. Free water evaporation and the combined water's
dehydration reaction in the leaf fiber caused this stage, which belongs to
the stage of dehydration and drying. The second stage, from 131.91 �C to
471.14 �C, was the pyrolyzation stage of holocellulose. The spot at
268.75 �C should be where maximum pyrolyzation of hemicelluloses
occurs. Because of the irregular amorphous structure of hemicelluloses,
they have low thermal stability. At 331.45 �C, The maximum weight loss
rate peak appeared, which, being cellulose pyrolysis, released much heat.
D-glucose linked to a glycoside bond forms a macromolecular structure
known as cellulose. It has no branches and is challenging to decompose;
the weight loss rate at this stage was 54.63%. In the third stage, from
471.14 �C to 1000 �C, there are two prominent weight loss rate peaks at
484.34 �C and 656.51 �C, respectively. Because lignin's primary con-
stituent, a polysaccharide made of phenylpropane joined by an ether and
carbon bond, has a high degree of stability and is challenging to break
down. This stage should be the pyrolysis of lignin.

Comparing Figure 8(b) with Figure 8(a), the DTG curve shows a sharp
peak in the weight loss rate of Y1 at 386.44 �C, that was because in pure
acrylic polymer emulsions, the macromolecular polymer could decom-
pose at such a temperature [40].

Comparing Figure 8(c) with Figure 8(b), the DTG curve had two more
weight loss rate peaks at 202.30 �C and 899.47 �C, which were caused by
the thermal decomposition of APP on the surface of leaf fibers. APP
produced ammonia and water vapor at 202.30 �C, the product being



Figure 6. FTIR spectra of leaf fibers: (a) Y0~Y3; (b) Y4~Y7.

Figure 7. TG/DTG analysis of three flame retardants: (a) APP; (b) MH; (c) ATH.
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polyphosphoric acid. The polyphosphoric acid underwent additional
oxidation at 899.47 �C to produce phosphorus oxide. The TG curves show
that, because of APP's flame retardancy, the total weight loss of Y2 de-
creases in the temperature range from 30 �C to 1000 �C, demonstrating a
significant improvement in Y2's thermal stability.

Comparing Figure 8(d) with Figure 8(c), the peak maximum weight
loss rate in Figure 8(d) appeared at 111.65 �C, which was caused by free
water volatilization and combined hydrolysis adsorption dehydration of
leaf fiber and flame retardants. Due to MH flame retardant addition, the
6

maximum rate of weight loss rate at this drying stage is significantly
higher than that of Y2 and is 54.65 �C later than Y2. At 286.57 �C and
331.84 �C, the maximum weight loss rate peaks of hemicellulose and
cellulose were observed. The temperature of the two peaks was later
compared to Y2 due to the synergistic effect of MH. The maximum rate of
weight loss peak appeared at 395.29 �C, resulting from the breakdown of
macromolecular polymer in pure acrylic polymer emulsion. Under
the co-action of APP and MH, the temperature was delayed by 4.10 �C
than Y2.



Figure 8. TG/DTG analysis results of leaf fibers: (a)~(h) correspond to samples Y0~Y7 respectively; (i) TG curves of samples Y0~Y7.

Figure 9. Pyrolysis residual weight rate of leaf fibers.
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Comparing Figure 8(e) with Figure 8(d), it can be seen on the DTG
curve that most peaks appeared at 236.87 �C, which was caused by
partial loss of OH out of ATH.

Comparing Fig. (f) with Figure 8(e), it is clear that, because of the
decreased ATH content, in Figure 8(f), there is no weight loss rate peak
on the DTG curve.

Under the combined action of MH and ATH, APP produced a portion
of water vapor and ammonia, as shown by the DTG curve in Figure 8(g) at
182.67 �C, and the end product was polyphosphoric acid. At238.16 �C,
the partial loss of OH out of ATH was the reason.

Comparing Figure 8(h) with Figure 8(g), because Y7 used sodium
silicate as its fiber coating, it has no peak of the macromolecular poly-
mer's decomposition weight loss rate in the pure acrylic polymer emul-
sion. Y7 leaf fibers' pyrolysis could be generally separated into three
stages: the first stage is from 30 �C to 165.42 �C, and the weightless rate
peaks appeared at 65.44 �C and 100.46 �C, due to free water evaporation
and bound water desorption of leaf fiber, and the application of flame
retardants. belonging to the drying stage. The second stage is from
165.42 �C to 352.15 �C, and the weight loss rate peak at 243.67 �C, which
was caused by partial OH removal from ATH. At 278.47 �C and 293.30
�C, the peaks are of hemicelluloses and celluloses' maximum weight loss
rate peaks. The third stage is from 352.15 �C to 996.37 �C, the peak of the
weight loss rate at 397.65 �C, which was caused by the partial water loss
of MH. The decomposition caused by high temperatures of some lignin
and complex polymer compounds led to the weight loss rate peaks at
431.52 �C and 628.06 �C.

Generally, the higher the high-temperature residual weight rate of the
material, the better its thermal stability [41]. Fibers that have not had
flame retardant treated Y0 & Y1 are demonstrated in Figures 8 and 9 to
be relatively constant at the low-temperature stage. nonetheless, the
mass loss decreased significantly after 300 �C. Because Y1 is covered in a
pure acrylic emulsion organic coating layer, its fibers have increased
flammability, making its fiber thermal stability worse than Y0. The
7

thermal stability of Y2 at medium and low temperatures is satisfactory,
however the weight loss rate decreased distinctly when the temperature
was above 800 �C. The mass-loss rate of Y3 and Y4 modified with com-
posite flame retardant is less after 800 �C, and the residual weight rates of
the two at 1000 �C are 43.91% and 42.27%, respectively, and the thermal
stability of the two is excellent. The thermal stability of Y6 is better than
that of Y5. After 315 �C, the thermal stability of Y5 and Y6 is worse than
that of Y3 and Y4. Y7 exhibited the largest residual weight rate, the less
mass loss rate, and the best thermal stability when the temperature
exceeded 400 �C. The presence of the water-glass layer increases the
retention rate of flame retardants in the fibers, and the thermal stability
as well as their flame retardancy are also improved. The sodium silicate
inorganic has good high-temperature stability before 1200 �C [42].
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In short, the ones with satisfactory thermal stability are Y7, Y3, Y4,
Y2, Y6, and Y5, and the ones with poor thermal stability are Y1 and Y0.
3.3. Flammability of leaf fibers

If a material is non-flammable, that means its LOI is high. In contrast,
If a material is combustible, that means its LOI is low [43]. The material
with less than 22.0% LOI is generally considered flammable, the material
with LOI between 22.0% and 27.0% is flammable, and the material with
an LOI greater than 27.0% is considered nonflammable [44, 45]. The LOI
results of leaf fibers are shown in Figure 10.

As shown in Figure 10, the LOI of Y0 is 23.0%, meaning a flammable
material. The LOI of Y1 coated with pure acrylic emulsion is 2.0% lower
than Y0, indicating that leaf fibers' flammability is increased by pure
acrylic emulsion organic compound. When Y2–Y7 was treated with a
flame retardant, the LOI was greater compared to when it wasn't. Because
of App, In Y2–Y6, the LOI of Y2 was higher,a flame retardant with good
properties, is water soluble. Spray modification APP has good retention
in fibers due to its ease of penetration and equal distribution. However,
the composite flame-retardant modified fibers, resulting from a process
of stirring and drying, suffered inevitable damage and uneven distribu-
tion of inorganic flame-retardant agents on the fiber surfaces, and the
flame-retardant effect was affected. The LOI of Y5 and Y6 dropped by
2.2% and 2.5%, respectively, as compared to Y3, showing that the flame
retardancy of leaf fibers was not enhanced when 30% and 50% of MH
fibers were substituted by ATH. Compared to Y6, LOI for Y7 is 11.5%
greater. The sodium silicate coating has a flawless flame-retardant impact
on the leaf fibers due to its good thermal stability and adhesion, which
helps sustain flame retardant retention on the fibers' surface.
3.4. Micro-morphology and chemical composition of leaf fibers

Figure 11 depicts the EDS test region and the micro-morphology of
leaf fibers, and Figure 12 displays the test findings for the chemical
composition of the test area. Interpretation of spectrum test processing:
The K-line system has been used to normalize all of the evaluated items.

As shown in Figure 11, there are raised pores and granular debris on
the surface of Y0, which, being prone to peel-off, will make fibers more
permeable to water, which will alter how well fibers adhere to cement-
based surfaces. There is also a smooth wax layer and cuticle layer on
the surface of Y0, which is disadvantageous to the wetting, diffusion, and
permeation of cement slurry and various additive solutions on the surface
of fibers affecting the bonding between fibers and cement-based mate-
rials [2]. The pure acrylic emulsion film on the surface of Y1 fiber
covered the detritus. It reduced surface flaws and improved the integrity
Figure 10. LOI of leaf fibers.
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of fibers by filling holes and fissures on their surface. The existence of
polymer film improved the water resistance and alkali corrosion resis-
tance of fibers, reduced the effect of the extracts in fibers on the anti-
coagulation of cement hydration, and improved the interface effect
between the fiber surfaces and the cement-base materials, thus increasing
the bond between them. However, because the Y2 fibers were modified
with APP flame retardant, they had to undergo spraying and dry pro-
cesses that Y1 did not need, making them suffer more serious surface
damage than Y1 fibers and reducing the coating uniformity of polymer
film. Similarly, in Y3–Y7, adopting inorganic flame retardants MH and
ATH required additional processes, making different sizes of fiber chips
and flame-retardant agglomerated particles bonded on the surface,
resulting in increased fiber surface defects and the deterioration of
coating uniformity. As a result, the flame retardant is somewhat lost, and
the binding strength among leaf fibers and cement mortar is affected.
Comparing Y7 with Y6, the particles bonded on Y7 surfaces appeared
loose and brittle. In contrast, the particles bonded on Y6 surfaces are
increasingly hardened and flexible. That is because of the different
characteristics of two organic and inorganic coatings made of pure
acrylic emulsion and sodium silicate solution.

Elements C, O, and Si are mostly present on the exterior of untreated
leaf fibers Y0, as illustrated in Figure 12 (The energy spectrum cannot be
used to detect the single electron that exists outside of the nucleus of
hydrogen). So, the majority of the leaf fibers are made of organic mate-
rials like C, H, and O, with a trace quantity of ash like SiO2 on the exterior
cuticle. On the surface of Y1, there are mainly C and O elements, but no
apparent Si elements were found caused by the effect of pure acrylic
emulsion coating. The fact that P is present in Y2 shows that the APP
flame retardant has well attached to the exterior of fibers. Since MH
flame retardant was effectively deposited on the exterior of fibers, Y3
contains more Mg elements than Y2. Y4 has more Al than Y3, indicating
that the ATH flame retardant has successfully adsorbed on the surface of
fibers. Three flame retardants, P, Mg, and Al, were found in Y5–Y7. Using
sodium silicate as a coating layer, Y7 mainly contains Na2O⋅nSiO2. As a
result, Si and Na elements were discovered in the fibers, and the peak
strength of the Si element was higher than that in Y0.
3.5. Performance of LFCC at high temperatures

3.5.1. The mass-loss rate of LFCC at high temperatures
Figure 13 displays the mass-loss rate of LFCC at high temperatures. As

shown in Figure 13, YC-7 has the highest mass loss rate of LFCC at high
temperatures, of which mass-loss rates are 18.89% at 650 �C, followed by
YC-1 and YC-2, of which mass-loss rates are 16.09% and 13.68%,
respectively, at 650 �C. YC-4 has the lowest mass-loss rate, followed by
YC-3, of which mass-loss rates are 10.26% and 10.93%, respectively, at
650 �C. The mass-loss rate is correlated with water volatilization in
concrete, fiber plants', and flame retardants' heat release of water, gas,
etc. The thermal stability of composite flame-retardant treated fibers
LFCC (except YC-7) is higher than that of fibers treated with no flame
retardant and sole component flame-retardant treated fibers LFCC.
Hence, their LFCC mass-loss rate is relatively low. Since the YC-7's
inorganic coating of sodium silicate is brittle and hard, it will inevitably
crack in the LFCC mixing process (see Figure 17). The LFCC will expe-
rience high heat mass loss as a result of loss of flame retardants or the
uneven distribution, which causes poor flame retardancy of fibers.

3.5.2. Strength of LFCC at high temperatures

3.5.2.1. Compression strength of LFCC at high temperatures. The
compressive strength and loss rate of LFCC at high temperatures are
shown in Figure 14.

As shown in Figure 14(a), the compression strength of LFCC
decreased with the increase in temperature, especially from 500 �C to
650 �C. LFCC suffered significant strength attenuation. At 650 �C, YC-7



Figure 11. Micro-morphology and test area of leaf fibers (1000 times): Y0~Y7 correspond to the serial numbers in Table 6.
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had the highest compression strength (5.13MPa), followed by YC-6 (3.60
MPa) and YC-5 (3.10 MPa). At 650 �C, YC-1 had the lowest compression
strength (0.33 MPa), followed by YC-2 (0.62 MP A). The strength of YC-2
to YC-5 samples increased during the heating process, which is related to
the rate of hydrate formation being more significant than that of hydrate
9

pyrolysis, and the incomplete pyrolysis of plant fibers could provide
certain tensile strength for cement matrix. There are the main reasons for
the decrease in LFCC compression strength at high temperatures: Firstly,
the temperature stress will cause the occurrence and expansion of micro-
cracks in the cement matrix. Secondly, the dehydration and



Figure 12. Chemical composition of leaf fibers in EDS test area.
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Figure 13. Mass-loss rate of LFCC at high temperatures.
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decomposition of hydration products, e.g., hydrated calcium sulphoalu-
minate (Aft), will thermally decompose at 200 �C, Ca(OH)2 begins to
dehydrate at 400 �C, while C–S–H gel and CaCO3 start to decompose at
over 600 �C [46]. And thirdly, the enhanced crack resistance provided for
cement matrix by thermal decomposition of fiber plants will reduce to
some extent.

Figure 14(b) shows that at 650 �C, YC-1 and YC-2 have the most
significant loss rates of LFCC compression strength, which are 95.15%
and 83.56%, respectively. YC-3 and YC-4 have the lowest loss rates of
compression strength, which are 38.27% and 54.01%, respectively.
While YC-5, YC-6, and YC-7 have an approximately similar loss rate of
compression strength. According to the results, composite flame-
retardant fibers improve the thermal stability of LFCC more than non-
flame-retardant fibers or single flame-retardant fibers. Hence the loss
rate of LFCC compression strength is relatively low.

3.5.2.2. Flexural strength of LFCC at high temperatures. Figure 15 displays
the flexural strength and loss rate of LFCC at high temperatures.

As shown in Figure 15(a), as the temperature rises, the flexural
strength of LFCC typically declines, which could be generally split into
three stages: 25�C–150 �C, the strength decrease amplitude is relatively
small, and some even increase; the second stage: 150�C–350 �C, the
strength decrease amplitude is relatively large, especially at 150�C–250
�C, the strength will decrease sharply; the third stage: 350�C–650 �C, the
strength decrease amplitude is relatively small but stable. At 650 �C, YC-5
Figure 14. Compression strength and its loss rate of LFCC at high tempe
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and YC-6 have high flexural strength, 0.90MPa, and 0.79MPa, respec-
tively, while YC-3 has low flexural strength, 0.20MPa. The same factor
that causes LFCC's flexural strength to drop at high temperatures also
accounts for its compression strength.

It can be seen from Figure 15(b) that, on the whole, the flexural
strength loss rate of LFCC increases with the increase in temperature. The
flexural strength loss rate of LFCC increases slowly in the range of
25�C–150 �C and even increases in YC-3. This is because the damage
made by temperature to the sample's structure is less than the repair
degree made by hydrate growth to the structure [47]. At 650 �C, YC-6 has
a small flexural strength loss rate, 74.74%, followed by YC-2 and YC-8,
75.22% and 75.54%, respectively. YC-1 has the largest flexural
strength loss rate, 88.73%, followed by YC-3 and YC-9, of which loss rates
are 85.80% and 85.78%, respectively.

In short, based on the examination of mass loss rate and mechanical
properties presented above, the LFCC with better fiber modification ef-
fect is YC-5 and YC-6, followed by YC-4, YC-3, and YC-7, and the LFCC
with poor fiber modification effect is YC-1 and YC-2. It shows an optimal
match issue between LFCC's mechanical and physical properties at high
temps and procedures used to modify leaf fibers for flame retardancy.
The thermal stability of leaf fibers and the bonding strength between
flame-retardant fibers and cement-base materials are both factors that
affect LFCC strength at high temperatures. Among the fiber modifiers YC-
5 and YC-6, the substitution of MH by ATH is 30% and 50%, respectively.
The three composite flame retardants work well together to improve the
thermal stability of the fibers while also preventing cement matrix from
containing excessive amounts of MH and ATH filler, which has little
impact on the processing and mechanical characteristics of the cement-
base materials [48]. As a result, the strength loss and mass loss of LFCC
are relatively minor.

3.5.3. Thermal insulation performance of LFCC at high temperatures
Figure 16 displays the LFCC's thermal conductivity and mass loss rate

under high temperatures. As shown in Figure 16(a), the thermal con-
ductivity of LFCC decreases with the increase in temperature overall.
However, in the middle stage, the thermal conductivity of some speci-
mens first increases and then falls, such as YC-3, YC-4, YC-5, and YC-2.
The main reason is that in the low-temperature stage of 25�C–150 �C,
as temperature rises, the hydration products of cement increase,
enhancing specimens' compactness and thermal conductivity. In the
middle and high-temperature stage of 150�C–650 �C, the fibers dehy-
drate to shrink, and the cement matrix water evaporates. The cracks and
pores increase in the specimens, reducing the thermal conductivity of the
specimens. Some specimens, such as YC-1, YC-2, YC-5, and YC-6, in-
crease their thermal conductivity when the temperature exceeds 500 �C.
It is as a result of the cement matrix cracking, the severe cracking of leaf
ratures:(a) Compression strength; (b) Compression strength loss rate.



Figure 15. Flexural strength and its loss rate of LFCC at high temperatures:(a) Flexural strength; (b) Flexural strength loss rate.

Figure 16. Thermal conductivity and its loss rate of LFCC at high temperatures:(a) Thermal conductivity; (b) Thermal conductivity loss rate.
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fibers at high temps, and the increase of connecting pores, thus increasing
specimens' thermal conductivity. At 650 �C, YC-3 and YC-4 have low
thermal conductivity, which is 0.12881 (W/m.K) and 0.13073 (W/m.K),
respectively, while YC-5, YC-7, and YC-6 have high thermal conductivity,
which is 0.17330 (W/m.K), 0.17291 (W/m.K), and 0.16866 (W/m.K),
respectively. It is because the thermal conductivity of LFCC is related to
the thermal stability of fibers and the porosity and pore characteristics of
the cement matrix [49]. When leaf fibers are modified with flame re-
tardants, their surface porosity decreases, increasing the thermal con-
ductivity of LFCC. Inevitably, during the LFCC molding process, some of
the flame retardants MH and ATH are permeate into the cement-base
materials, making the cement hydration products crisp and loose to a
certain extent, and the porosity of cement matrix increases, thus reducing
the thermal conductivity of composite material. Moreover, the latter
played a more prominent role.

Figure 16(b) shows that, despite some specimens' loss rates of thermal
conductivity decreasing at the middle and low temperatures stages, in
general, the loss rate of thermal conductivity of the LFCC increases with
the increase of temperature. This shows that the internal cracks and pores
of LFCC specimen increase at high temperatures, and the thermal con-
ductivity of the specimen decreases. At 650 �C, YC-3 and YC-4 have the
largest loss rate of thermal conductivity, 54.22% and 53.87%, respec-
tively, while YC-2 has the smallest loss rate, 5.47%. This further shows
that MH and ATH with low solubility retain more on the fiber's surface
when they modify the leaf fiber, which is easy to drain into the cement
base material, increasing the number of interior pores of LFCC and
affecting the hydration of the cement-based material at high
12
temperatures. At the same time, APP with higher solubility is easier to
penetrate the fiber when modifying leaf fiber, which has little impact on
the hydration products of cement material. The internal pores of LFCC do
not increase much under high temperatures.

3.5.4. Micro-morphology of LFCC at high temperatures
The micro-morphology of LFCC was examined using a scanning

electron microscope (SEM) at 25 �C (a normal temperature) and 650 �C
(a hot temperature), as illustrated in Figures 17 and 18, accordingly.

As shown in Figure 17, the leaf fibers in specimens have cement hy-
dration products on their surfaces, which are mainly hydrated calcium
silicate gel (C–S–H), in addition to two crystals of dicalcium silicate
(2CaO�SiO2, C2S), tricalcium silicate (3CaO�SiO2, C3S), calcite
(CaCO3), feldspar (Ca54MgAl2Si16O90), and the like [1, 2]. These hy-
dration products are flocculent, massive, and granular forms and form a
whole with fibers through adhesion andmechanical bite force. As a result
of the fiber modification and LFCC molding process, fibers inevitably
sustain damage and cracks, causing more pores to LFCC. There is a
certain gap between fibers and cement-base materials caused by fibers'
volume deformation during shrinkage. These pores will affect the
strength and thermal insulation performance of LFCC. Generally
speaking, the structure of YC-3 and YC-2 hydration products is loose.
There are many pores and cracks in the hydration products, of which
overall strength should not be high. The structure of hydration products
in other groups is relatively dense, making the fibers and matrix well
bonded. Since YC-7 is covered with sodium silicate, the amorphous silica
gel becomes brittle and hard after hardening. Some cracks appear on the



Figure 17. Micro-morphology of LFCC at 25 �C (1000 times): YC-1~YC-7 correspond to the serial numbers in Table 6.
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surface of fibers, which will affect the bond strength between the fibers
and the cement matrix to a certain extent. It can be seen from Figure 18
that after 650 �C, the leaf fibers in YC-1 and YC-2 are seriously carbon-
ized. Other composite flame-retardant fiber samples are not entirely
carbonized. Many cement hydration products have still adhered to the
13
fiber surface. However, more needle-like particles are among the hy-
dration products than at 25 �C, which is ettringite crystal (AFt) produced
by cement hydration [50, 51]. Large fractures and pores on the outside
and interior of the leaf fibers indicate that they have undergone thermal
degradation and damage at high temperatures, fibers' ability to supply



Figure 18. Micro-morphology of LFCC at 650 �C (1000 times): YC-1~YC-7 correspond to the serial numbers in Table 6.
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the cement matrix with reinforcing and fracture resistance will inevitably
decline. Cracks and defects that appear in the cement matrix under
high-temperature stress will also reduce the strength of LFCC. YC-1,
YC-2, and YC-3 hydration products have a crisp and loose structure. A
poor bond between fibers and cement matrix results in low overall
strength. The structure of hydration products in other groups is relatively
dense, resulting in a tight bond between fibers and cement matrix.

3.5.5. Discussion
Leaf fibers mainly comprise cellulose, hemicellulose, and lignin

polymer compounds. When leaf fibers are heated, they undergo the first
stage of moisture content separation. With the increase in temperature,
hemicellulose and cellulose decompose to produce volatile products.
Hemicellulose has a lower degree of polymerization than cellulose, an
indefinite structure, and more inadequate thermal stability than cellu-
lose, so it is relatively easy to be pyrolyzed. Lignin is an aromatic com-
pound with insufficient chemical activity and relatively high
decomposition temperature, most of which are decomposed into carbon
[52].

The combustion of leaf fibers is a complex physicochemical process.
The microscopic perspective is a free radical reaction process, including
chain initiation, chain growth, and chain termination reaction. From the
macroscopic point of view, the process results from the interaction of
cellulose matrix, oxygen, and heat. Heat is the physical factor in realizing
combustion, and oxygen is the chemical factor of combustion. The cel-
lulose matrix is the material basis of combustion [53]. Therefore, the
combustion process of leaf fibers is a free radical chain reaction process.
The three factors work together, and this process is affected by many
internal and external factors.

The combustion of leaf fibers can be divided into three stages [54]:①
thermal decomposition of cellulose matrix produces combustible gas; ②
combustible gas burns in the air; ③ part of the heat generated by com-
bustion causes the remaining cellulose matrix or molten material to
continue to decompose, making the combustion continue. Therefore, to
make the leaf fibers flame retardant is to terminate one or several stages
of the combustion process. This process can usually be realized by the
mechanism of condensed phase flame retardancy, gas-phase flame
retardancy, and interruption of heat exchange [55, 56, 57].

Gas-phase flame retardant mechanism: when APP is decomposed by
heating, it will produce ammonia, polyphosphate, and phosphorus ox-
ides, as shown in the reaction Eqs. (1), (2), and (3). Ammonia will dilute
oxygen, reduce the temperature of combustible gas, and inhibit the
occurrence of flame combustion. When MH and ATH are decomposed by
heating, it will produce a large amount of water vapor, as shown in re-
action Eqs. (8) and (9), diluting the oxygen concentration on the leaf
fibers' surface and slowing down or stopping the combustion reaction.
Condensed phase flame retardant mechanism: phosphorus oxide and
polyphosphoric acid in APP cover the surface of leaf fibers to inhibit the
escape of combustible volatiles. As a strong dehydrating agent, poly-
phosphoric acid will dehydrate and carbonize leaf fibers to form a
carbonization layer with oxygen isolation and heat insulation to play the
role of flame retardant. After heating and dehydration, MH and ATH will
form a metal oxide layer with a great specific surface area. The oxide
layer will absorb smoke and combustible volatiles and cover the surface
of leaf fibers to prevent oxygen and heat, stop the combustion chain re-
action, and play the flame-retardant role. Interruption of heat exchange
mechanism: in the decomposition of APP into phosphoric acid, the
following reactions Eqs. (4), (5), (6), and (7) will happen to free radicals,
which will capture O⋅ radicals and prevent combustion. When the fiber is
heated and burned, MH and ATH are heated to release crystal water, as
shown in reaction Eqs. (8) and (9), which will absorb much heat to
decompose and reduce the flame temperature.

(NH4)nþ2PnO3nþ1→H3nPnO3nþ1 þ NH3↑ (1)

H3nPnO3nþ1→(HPO3)n þ nH2O (2)
15
(PO3)n→P2O5 or P4O10 (3)
H3PO4→HPO2þ5OH (4)

PO⋅þH⋅→HPO (5)

HPO⋅þH⋅→H2þPO (6)

PO⋅þOH⋅→HPO.þO. (7)

2Al(OH)3→Al2O3þ3H2O (8)

Mg(OH)2→MgO þ H2O (9)

Although APP has a good flame-retardant effect, it will produce
certain smoke (such as carbon monoxide) when the flame-retardant leaf
fibers are burned. MH and ATH have the advantages of good flame-
retardant effect, non-toxic and smoke reduction, with good thermal sta-
bility, helping them form, together with APP, a composite flame retar-
dant. Multicomponent composite flame retardants have a co-action due
to different flame-retardant mechanisms and decomposition temperature
of each component, which is usually better than single component flame
retardants (see 3.2.1 and 3.3).

4. Conclusions

We analyzed the thermal stability and flammability of leaf fibers in
this paper, examined the mechanical and physical properties of LFCC at
high temperatures, explored the fiber modification mechanisms with
FTIR, TG/DTG, and SEMmethods, and expounded the effects of modified
leaf fibers on the properties of LFCC at high temperatures, and, on this
basis, has drawn the following conclusions:

(1) The chemical functional groups of leaf fibers have been affected
by the actions of three different types of flame-retardant modifiers
and two different types of exterior coating layers, changing their
chemical structure.

(2) Flame-retardant modified leaf fibers' thermal stability, with LOI
larger than 27.0%, belongs to refractory materials, is much higher
than that of the non-flame-retardant modified leaf fibers. The
flame-retardant fibers Y7, Y3, and Y4 have good thermal stability
with flame retardancy.

(3) The flame retardants components P, Mg, and Al are well deposited
on the exterior of flame-retardant fibers, according to SEM and
EDS examination. Agglomerated and debris flame retardants
particles are also visible on the exterior of modified leaf fibers.

(4) At high temperatures, composite flame-retardant fiber LFCC has a
lower mass-loss rate than non-flame-retardant or single-
component flame-retardant fiber LFCC, in addition to YC-7.

(5) In general, at high temps, with temperature rises, the strength of
LFCC decreases, the rate of strength loss is increases with the rise
of temperature. At high temperatures, composite flame-retardant
leaf fibers LFCC have an increased compression strength than fi-
bers without flame-retardant modification or fibers modified with
only one kind of flame-retardant, and their compression strength
is lost at a slower pace. YC-5 and YC-6 have better strength at high
temperatures among the composite flame-retardant leaf fibers
LFCC.

(6) In general, the thermal conductivity of LFCC decreases with the
increase in temperature, and its loss rate increases with the tem-
perature rise. At 650 �C, YC-3 and YC-4 have low thermal con-
ductivity, 0.12881 (W/m.K) and 0.13073 (W/m.K), respectively.

(7) At 650 �C, the leaf fibers in LFCC sustain thermal damage and
thermal degradation at high temperatures. Many cement hydra-
tion products still adhere to the fiber surfaces, and the hydration
products have more AFt crystals at 25 �C.
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