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ABSTRACT

Geopolymer is a new alternative cement binder to produce concrete. In the present study, a novel geopolymer
composites containing bamboo shaving (0-2 wt.%) were fabricated and exposed to the temperatures of 200°C,
400°C, 600°C and 800°C. Physical properties, micro-structure, and mechanical strengths of the geopolymer com-
posites were evaluated before and after heating in order to understand their thermal properties, which are essen-
tial for the use as building materials. As the temperature rises, the drying shrinkage and apparent porosity of the
composites increase, while the compressive and bending strengths decrease. At the temperature range of 200°C-
800°C, the residual compressive strength rates of the geopolymer composite containning 2 wt.% bamboo shaving
were respective 73.8%, 61.47%, 56.16%, and 29.56%, meanwhile, the residual flexural strength rates were respec-
tive 46.69%, 8.68%, 2.52%, and 2.33%. Correspondingly, the residual compressive strength rates of pure geopo-
lymer were respective 72.81%, 61.99%, 54.55%, and 14.64%; the residual flexural strength rates were 48.87%,
5.69%, 3.22%, and 2.47%, respectively. Scanning electron microscope (SEM), optical microscope, and X-ray
diffractometry (XRD) were applied to find the microscopic changes. The strength loss in the geopolymer compo-
sites was mainly because of the thermal degradation of bamboo shaving and shrinkage of geopolymer matrix.
Bamboo shaving has great potential as reinforcer in developing low-cost geopolymer composites and may be used
for applications up to 400°C.

KEYWORDS

Geopolymer composites; bamboo shaving; mechanical properties; high temperature; microstructure

1 Introduction

Ordinary Portland cement (OPC) is noncombustible and does not produce toxic gases or smoke when
exposed to flames, which can provide sufficient fire resistance in most normal application [1,2]. However,
sustained exposure to flame can cause severe spalling of OPC, resulting in structural damage and even
collapse [3]. In addition, greenhouse gas emissions associated with OPC production have become a
serious environmental problem.

In recent years, a novel eco-friendly and sustainable engineering material, known as geopolymer, has
been rapidly developed as an alternative to OPC [4,5]. Geopolymer can be prepared by the reaction of
aluminosilicate source materials and liquid alkaline activators. Apart from the environmental advantages,
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geopolymer pastes and concretes also have the advantages of low shrinkage, low cost, high early-age
strength, high chemical attack and fire resistance.

Several studies have been conducted on the synthesis, mechanics, and durability of geopolymer.
Furthermore, fiber-reinforced geopolymer is increasingly being studied to achieve better mechanical
properties [6—10]. The enhancement of basalt, polyvinyl alcohol (PVA), polypropylene (PP), cotton, and
carbon fibers exhibited significant improved mechanical performance of geopolymer composites at room
temperature [11-15]. But, when exposed in high temperatures, the strengths of the fiber-reinforced
geopolymer composites obviously decreased because of fiber degradation or melting, as well as matrix
shrinkage and cracking [16,17].

Welter et al. [ 18] examined the micro-structural evolution between fiber and matrix interactions in basalt
fiber reinforced geopolymer composites after heating to 600°C—1000°C. They found the basalt fiber
presented no significant degradation and that no micro-structural interaction existed within the matrix at
600°C. However, the crystallization and melting of basalt fibers increased with the increase in
temperature, which made the brittle failure of the fiber and geopolymer composites increasingly obvious.
After heating to 800°C and 1000°C, the softening of the basalt fiber could be observed, and several
different diffusion processes between basalt fibers and the geopolymer matrix were evident. The
interactions of fiber-matrix interactions after heating to 1000°C resulted in the formation of a crystalline
albite phase. However, they did not study the mechanical properties of these composites after being
exposed to high temperatures. Behera et al. [19,20] used almost the same test method to study the high-
temperature properties of basalt microfibril and carbon microfiber reinforced geopolymer composites
when exposed to 200°C, 400°C and 800°C, respectively. The results showed that the geopolymer
composites with 10 wt.% basalt microfibrils content remained highest compressive strength at high
temperature, and the respective strength loss was 32% at 400°C and 43% at 800°C. For the geopolymer
composites containing 15 wt.% carbon microfibers, the residual compress strengths were 33.55 MPa and
23.96 MPa at 400°C and 800°C, and the minimum strength losses were 19% and 42%, respectively.

Tanyildizi et al. [21] studied the compressive and flexural strengths of geopolymer concrete with PVA
fiber at 200°C—800°C. The results showed that curing conditions and fiber content had a certain influence on
the strength values. For the samples with 2 wt.% fiber, the respective compressive strength reduction was
37% at 600°C and 49% at 800°C. At these two temperature values, the flexural strength exhibited a
reduction like the compressive strength. The reductions were 11% and 44%, respectively. However, the
compressive and flexural strengths at 400°C increased 29% and 45%, respectively. Celik et al. [22]
compared the effects of four different fibers on the high-temperature behavior and mechanical
performance of geopolymer composites. It was found that composites reinforced with PVA and basalt
fiber exhibited a strength loss less than those of polyolefin and polyamide reinforced specimens at high
temperatures. Within the range of 600°C-900°C, the compressive strength and flexural strength of
synthetic fiber reinforced composites obviously decreased.

Alomayri et al. [23] investigated the effect of temperature (from 200°C to 1000°C) on the mechanical
performance of fly-ash based geopolymer reinforced with cotton fabric. They found that the composites
displayed decreased compressive and flexural strengths, and fracture toughness, along with the rise of
temperature. Moreover, the mechanical properties were significantly reduced especially when the
temperature was higher than 600°C. It was considered that the decrease of strength was due to the high-
temperature degradation of cotton fiber and the increase of porosity in the composites.

Different from the results of the above studies, He et al. [24] reported a respective increase of 76% in
flexural strength, 15% in work of fracture, and 75% Young’s modulus of unidirectional carbon fiber
reinforced geopolymer composites after 90 min at 1100°C. The property improvement could be
attributable to the matrix densification and enhanced interface bonding strength. However, when heated to
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1400°C, the mechanical properties lowered dramatically, which can be attributed to the serious degradation
in carbon fibers, as well as the dissolving of the crystal phases and matrix melting.

To assess the suitability of geopolymer composites for high-temperature applications, Rickard et al. [25]
conducted tests on geopolymer panels that were 50 mm thick under simulated fire conditions. They found
that the fire resistance grading of above 60 min reached for all the test specimens of foamed and un-
foamed geopolymer composites. It was considered that PP fiber could diminish pores collapses before gel
solidification and alleviate high-temperature dehydration damage.

According to current research, different fibers have different effects on the properties of geopolymer
composites. Unlike OPC, it was observed that the strength of geopolymer sometimes increases, and while
at other times decreases, after exposure to high temperatures [26,27]. In a previous research, the authors
of the present study reported a bamboo shaving (BS) reinforced geopolymer composite with good
compressive and bending strengths [28]. The objective of this preliminary research was to study the
change of compressive and flexural strengths, and micro-structure of geopolymer composites reinforced
with BS at various temperatures (room temperature, and 200°C-800°C with an interval of 200°C), to
provide some basic data for the subsequent in-depth study of the BS-reinforced geopolymer composites.
Furthermore, thermo gravimetric analysis (TGA), scanning electron microscope (SEM), optical
microscope, and X-ray diffractometry (XRD) were applied to investigate the thermal behavior and micro-
structure of the BS reinforced geopolymer composites.

2 Experimental Methods

2.1 Materials

Metakaolin (MK, 1250 mesh fineness) was obtained from Inner Mongolia, China. It was a calcined
product at 800°C for 3 h, used as the aluminosilicate source in the preparation of geopolymers. The
chemical composition of MK was tested by X-ray fluorescence spectrometer and the result was given in
Table 1. Bamboo shaving (BS) with the size of 3-5 mm was obtained from Yiyang Bamboo Industry
Development Co., Ltd. (Hunan Province, China), and the main chemical constituents of the BS was
around 41 wt.% cellulose, 28 wt.% lignin, and 10 wt.% hemicelluloses. The density and the moisture
content of the BS are 0.68 g/cm’ and 5.89%, respectively.

Table 1: Chemical composition of MK by mass (%)

Composition SiO, AlL,O; Fe,0O;3 TiO, CaO K,O0 MgO P,Os Na,O ZrO, Loss on ignition
Mass (wt.%) 50.13 42.55 341 240 045 0.35 0.17 0.15 0.15 0.11 0.13

The alkaline activator was combination of sodium silicate solutions (water glass) and solid sodium
hydroxide (NaOH). The water glass was an industrial grade product containing 26.5 wt.% silica and
8.3 wt.% Na,O (modulus Ms=3.3). Analytically pure agent NaOH was obtained from Sinopharm
Chemical Reagents Shanghai Co., Ltd., China.

2.2 Specimen Preparation

The alkaline activator was prepared from NaOH and sodium silicate, then cooled down to room
temperature. MK (or mixed with BS) was added to the activator solution and stirred for 5 min. The
obtained paste was rapidly poured into the moulds and vibrated for 3 min, then cured at room
temperature for 24 h. The curing conditions of samples after demoulding were 60°C, and relative
humidity (RH) > 80% for 7 days.

The designed sample codes of the specimens are listed in Table 2. BS content is by the mass of MK.



30 JRM, 2023, vol.11, no.1

Table 2: Mix proportion of BS reinforced geopolymer composites

Sample code MK (g) Alkaline activator (g) BS content (wt.%)

GP 100 120 0
BSRGP1 100 120 1
BSRGP2 100 120 2

2.3 Exposure to High Temperatures

After curing, the specimens were heated to 200°C—800°C in turn using a muffle furnace to evaluate the
strength change. The heating rate was 5 °C/min and maintained for 1 h after reaching the needed
temperatures. The samples were taken out after natural cooling to room temperature in the furnace.

2.4 Characterizations

2.4.1 Thermo Gravimetric Analysis

Thermo gravimetric analysis (TGA) was carried out on the neat geopolymer (GP), BS, and BS
reinforced geopolymer composites in flowing nigtrogen (20 ml/min) at a temperature rise rate of
10 °C/min. It was conducted using STA8000 therm-gravimetric analyzer (Perkin Elmer, USA) and the
temperature range scanned from 30°C to 800°C.

2.4.2 Drying Shrinkage
The dimensions of samples before and after exposure to elevated temperatures were determined by a
vernier caliper, the value of drying shrinkage (DS) was calculated using the Eq. (1):

Loy—L

0

DS

x 100% (1)

where L is the length of the samples at room temperature, and L is the length of samples after high
temperature treatment.

2.4.3 Bulk Density and Apparent Porosity

The bulk density (D) and apparent porosity (P,) were determined according to ASTM C20 and
calculated using the Eqgs. (2) and (3), respectively. Three specimens were tested and the results were the
average of the three measured values.

Dy =t 2)
m,; — My

P, = Ma = Md . 100% 3)
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In these two formulas, mg is the weight of the dried specimen; m, is the weight of the specimen saturated
in air; my, is the weight of the specimen suspended in water.

2.4.4 Water Absorption
Water absorption (WA) was determined referring to GB/T 5486-2008 and calculated using the Eq. (4).

The size of samples was 40 x 40 x 40 mm®. Samples with an absolutely dry weight of m, were soaked in
water at 20 £ 5°C for 24 h, then removed, wiped with a dry towel and weighted as m.

m — my

WA = x 100% 4)

my
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2.4.5 Compressive and Flexural Strengths

The strength experiment was carried out according to the Chinese national standard GB/T 17671-1999.
The size of test specimens for the compressive strength and flexural strength was 40 x 40 x 40 mm? and 40 x
40 x 160 mm?>, respectively. The tests were performed by using an electronic universal testing machine
(MWD-50, Jinan, China) with a loading speed of 2.4 kN/s and 50 N/s for the compressive and flexural
tests, respectively. Six and three specimens were respective measured for compressive and flexural tests,
and the average calculated.

2.4.6 Microstructure Analysis

The changes in microstructure and morphological of geopolymer composites were studied by a SIGMA
300 field emission SEM (Zeiss, Germany) and an AO-FD600E optical microscope (Shenzhen Aoswei
Optical Instrument Co., Ltd., China).

2.4.7 Phase Composition Investigation

The phase composition of the samples was studied by XRD. The analysis was conducted by an Empyren
powder diffractometer (PANalytical, Netherlands) with Cu-Ka radiation (36 kV, 20 mA). A typical scan is
from 10 to 80° with a scan speed of 0.02°s.

3 Results and Discussions

3.1 Thermal Properties

The thermal stability of BS, GP, and BS reinforced geopolymer composites was investigated by TGA,
with the analysis curves being shown in Fig. 1. Compared with GP and BS reinforced geopolymer
composites, BS exhibits significant weight loss during this process and has three major stages (Fig. 1a).
The first stage occurs between 30°C and around 200°C, where there is a small weight loss mainly
induced by the evaporation of water in the BS, which is referred as to the moisture loss or drying stage.
The second stage occurs from 200°C to about 365°C, the BS shows obvious weight loss, and the overall
weight loss rate reaches 60%, which is mainly attributed to the rapid decomposition of cellulose and
hemicelluloses due to the heating fracture, and it is accordingly called the rapid pyrolysis stage. As
shown in Fig. 1b, the maximum weight loss rate was found at 339°C. This is because cellulose,
hemicelluloses and lignin have different degrees of decomposition. However, due to their different
pyrolysis peaks, the superposition effect causes the emergence of the main peak [29]. The third stage
occurs from 365°C to 800°C, where BS carries on decomposition and retains 6% of its weight. It is the
slow decomposition process of lignin and residue pyrolysis. Lignin is a complex aromatic polymer with
wide bond energy distribution; its pyrolysis almost runs throughout the entire pyrolysis process [30]. The
pyrolysis of lignin produces more fixed carbon, and therefore, the weight loss tends to be stable.
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Figure 1: TGA (a) and DTG (b) curves of the BS, GP, BSRGP1, and BSRGP2
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For the samples of GP, BSRGP1, and BSRGP2, all showed a dramatic drop of weight only below 200°C
because of the evaporation of free moisture. Based on this behavior, it can be expected that the geopolymer
will present very small shrinkage. When the temperature rises further from 200°C to 540°C, the three
samples exhibit similar weight loss curves, probably due to the liberation of bound moisture and surface
hydroxyl during the condensation reaction of the geopolymer, as well as the thermal decomposition of
BS. This will further lead to surface micro-cracks and interior destruction to the whole architecture of the
geopolymer. Their weight remains constant in the temperature range of 540°C—-800°C, the residual weight
of GP is 84.5% and that of BSRGP1 and BSRGP2 is 81.5%, indicating that the BS does not significantly
deteriorate the thermal stability of the GP.

3.2 Physical Properties

The physical properties (such as drying shrinkage, porosity, density, and water absorption) of GP,
BSRGPI, and BSRGP2 are investigated, with the results presented in Fig. 2. As shown in Figs. 2a and
2b, the shrinkage and apparent porosity of all samples increase with the increase in temperature.
Furthermore, BSRGP2 has higher shrinkage and apparent porosity than both BSRGP1 and GP in the
studied temperature range. This is consistent with the reported results of cotton fibers reinforced
geopolymer composites at elevated temperatures [23]. In fact, the shrinkage and porosity of the
composites are usually affected by many factors such as the amount and type of fiber fillers.
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Figure 2: Drying shrinkage (a), apparent porosity (b), bulk density (c) and water absorption rate (d) of GP,
BSRGP1, and BSRGP2 at high temperatures
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The results of Fig. 2¢ show that the addition of BS decreases the density of the matrix. Meanwhile, the
density of all samples decreases gradually with the increase in temperature, and it tends to be stable after
600°C, which is mainly due to the shrinkage of the geopolymer matrix and the degradation of the BS.
Considering the test error, there is almost no difference between the data of 600°C and 800°C. In Fig. 2d,
the water absorption increases across all three of the samples with increasing temperature and BS content,
this has consistency with the porosity results in Fig. 2b. It may be attributable to the hydrophilicity of BS
and the increase in porosity of the matrix due to the addition of BS.

3.3 Visual Inspection

Fig. 3 illustrates photographs of the visual inspection of GP, BSRGP1, and BSRGP2 at different
temperatures. As can be seen from Figs. 3a—1 and 3a—5, no significant color change has occurred on the
appearance of the GP, and there appears to be a slight lightening of color only at 200°C. With the rising
temperature, macroscopic cracks gradually begin to appear. When exposed to 800°C, many cracks
distribute on the outer surface and some spalling occurs; the sample is fragile. This is related to the
destruction of the main-chains forming the geopolymeric system [22].

(a-1) GP at 25 °C (a-2) GP at 200°C (a-3) GP at 400°C (a-4) GP at 600°C (a-5) GP at 800 °C

(b-1) BSRGP1 at 25°C  (b-2) BSRGP1 at 200°C  (b-3) BSRGP1 at 400°C (b-4) BSRGP1 at 600°C  (b-5) BSRGP1 at 800°C

(c-1) BSRGP2 at25°C  (c-2) BSRGP2 at 200°C  (c-3) BSRGP2 at 400°C  (c-4) BSRGP2 at 600°C  (c-5) BSRGP2 at 800 °C

Figure 3: Visual inspection of GP, BSRGP1, and BSRGP?2 at different temperatures

For the samples of BSRGPland BSRGP2, both of their colors are the lightest at 200°C. Like GP,
BSRGP1 begins to show networks of hairline cracks from 400°C. However, BSRGP2 does not show
significant cracks until 600°C. At 600°C, both BSRGP1 and BSRGP2 have black carbides on their
surfaces, but at 800°C, no black carbides are noticeable. Clearer cracks appear on the surfaces of the two
samples at 800°C, and one corner of BSRGP2 is peeled off. The color change and cracks are useful as
indicators of a significant loss in mechanical properties. This is because the appearance change is



34 JRM, 2023, vol.11, no.1

consistent with an obvious decrease in strength caused by heating [31]. Compared with GP, BSRGP1 and
BSRGP2 present fewer cracks. This indicates that BS plays a certain role in preventing high-temperature
cracking due to the small voids formed by BS degradation inside the geopolymer matrix.

3.4 Mechanical Properties

The mechanical strength results of GP, BSRGP1 and BSRGP2 before and after heating are presented in
Fig. 4. At room temperature, BSRGP1 and BSRGP2 have higher mechanical strength than GP. This is
consistent with our previous research results [28], similar findings also can be found in cotton fiber
reinforced geopolymer [32] and flex fiber reinforced geopolymer [33]. The compressive strengths of GP,
BSRGPI1, and BSRGP2 at room temperature are 50.27, 54.31, and 53.86 MPa, respectively. In the
reference [28], the values of compressive strength of geopolymer with BS content of 0%, 1%, and 2%
after 7 d curing were respective 43.44, 48.72, and 48 MPa. The mechanical strengths increase in this
study may be due to the increase of curing temperature.
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Figure 4: Compressive strength (a) and flexural strength (b) of GP, BSRGP1, and BSRGP2 at different
temperatures

As shown in Fig. 4a, BSRGP1 and BSRGP2 possess a higher compressive strength than GP over all
temperature ranges studied, while there are no significant differences in the compressive strengths
between BSRGP1 and BSRGP2. The phenomenon can be explained from the good interfacial bonding
between BS and geopolymer matrix, where BS limits the development of macroscopic cracks, which
reduces the thermal stress of the geopolymer matrix at high-temperature exposure, thus maintaining a
high residual compressive strength [34].

The compressive strength of all samples decreases with increasing temperature. After treatment at
800°C, the compressive strengths of GP, BSRGP1, and BSRGP2 were respectively 7.36, 15.39, and
15.92 MPa, and the residual strength rates were 14.64%, 28.34%, and 29.56%, respectively. The behavior
may be attributable to the discharge of water moisture within the geopolymer to form voids and
shrinkage cracks, as well as the thermal degradation of BS, leading to the loss of bearing capacity, which
macroscopically shows as reduced compressive strength.

At present, there are few studies on the heat resistance of biomass geopolymer composites. Compared
with the reference [23] on a study of cotton fiber reinforced geopolymer, the present research has an
appropriate residual compressive strength of close to 30% at 800°C. However, the BS content is low in
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this study. Of course, it is lower than that of basalt fiber reinforced geopolymer with the compressive strength
residual rate higher than 39% at the same temperature [19].

Like that of the compressive strength, it can be observed from Fig. 4b that the flexural strength of the
samples also decreases with increasing temperature, though the reduction is more serious, especially when
the temperature is higher than 400°C. After the 400°C treatment, the flexural strengths of GP, BSRGP1, and
BSRGP2 were respective 0.53, 0.67, and 0.93 MPa, and the residual strength rates were 5.69%, 6.18%, and
8.68%, respectively. After the 800°C treatment, the flexural strengths of GP, BSRGP1, and BSRGP2 were
respective 0.23, 0.20, and 0.25 MPa, and the residual strength rates were 2.47%, 1.84%, and 2.33%,
respectively. The main reason for the reduction in flexural strength may be due to the degradation, or
combustion of BS, as well as the formation of small voids.

3.5 Micro-Structure Analysis

The SEM micro-graphs of GP, BSRGP1, and BSRGP?2 at different temperatures are exhibited in Fig. 5.
The micro-morphology of the aluminosilicate gel matrix with unreacted metakaolin plates and some tiny
cracks distributed throughout was observed before high-temperature treatment (Figs. 5a—1). The BS is
scattered in the matrix (Figs. 5b—1 and 5c—1), and the gap between the BS and geopolymer matrix is
likely caused by the small shrinkage amount of aluminosilicate gel. The gap could offer a dehydration
pathway for moisture upon exposure to elevated temperatures.

(a-1) GP

- * e = LR
v = 3 ~ g N
& ? . S
#m J pae L, ,ﬁ\

(b-1) BSRGP1 (b-3) BSRGP1 at 400°C (b-4) BS

(c-1) BSRGP2 (c-2) BSRGP2 at 200°C  (c-3) BSRGP2 at 400°C (c-4) BSRGP2 at 600°C  (c-5) BSRGP2 at 800°C

Figure 5: SEM images of the fracture surface for GP, BSRGP1, and BSRGP2 at different temperatures

When exposed to high temperatures, wide micro-cracks development and relatively large voids can be
observed in the GP samples (Figs. 5a—2 and 5a—5). Beyond 400°C, the combustion and degradation of BS
result in some irregular holes throughout the micro-structure of BSRGP1 and BSRGP2, as presented in Figs.
5b—3 and 5b—5 and 5¢—3 and 5c¢c—5, respectively. The porosity generated by BS degradation may reduce the
internal vapor pressures, thereby reducing the possibility of cracking. These findings are also compatible with
observations concerning the visual inspection in Fig. 3.
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To investigate the changes of micro-structure in medium-length scales, optical microscope observation
was performed, as the results presented in Fig. 6. Figs. 6(a—1) and 6(a—5) show the optical micro-graphs of
GP exposed from room temperature to 800°C, whereby long cracks formed beyond 400°C which may be due
to thermal shrinkage induced by dehydroxylation of the matrix of geopolymer.

200pm 200um

(a-1) GP (a-2) GP at 200°C (a-3) GP at 400°C (a-4) GP at 600°C (a-5) GP at 800°C

200pum 200pum — 2

(b-1) BSRGP1 (b-2) BSRGP1 at 200°C (b-3) BSRGP1 at 400°C (b-4) BSRGP1 at 600°C (b-5) BSRGP1 at 800°C

200pm 200pm

200pm 200pm 200pm 200pm 200pm

(c-1) BSRGP2  (c-2) BSRGP2 at 200°C (c-3) BSRGP2 at 400°C (c-4) BSRGP2 at 600°C (c-5) BSRGP2 at 800°C

Figure 6: Optical micro-graphs of GP, BSRGP1, and BSRGP2 at different temperatures

In general, there is a certain adhesion degree between the matrix and fibrous fillers, and the presence of
fibrous fillers has no chemical effect on the micro-structure of the prepared composites [22]. Figs. 6(b—1) and
6(c—1) represent the micrographs of BS reinforced geopolymer composites. The BS did not undergo any
special pretreatment in this study. There is an acceptable interfacial adhesion between the BS and
geopolymer, where such adhesion is related to the performance of the BS.

Figs. 6(b—2) and 6(c—2) show the optical micro-graphs of BSRGP1 and BSRGP2 at 200°C, the good
state of the internal BS shows that the paste helps to prevent, or obviously reduce, the oxygen supply
within the geopolymer composites. At 400°C (Figs. 6(b-3) and 6(c-3)), the BS is oxidized to a dark
color but maintains its original form. However, there are no cracks in the matrix of composites like GP.
As the temperature further increases, the BS is thermally oxidized into residue and leaves burned holes
and voids in the matrix (Figs. 6(b—4), 6(b—5), 6(c—4) and 6(c—5)). Concerning the SEM micrographs of
the samples after being exposed to 400°C—-800°C (Fig. 5), the BS tends to degrade or melt above 400°C,
which interprets the remarkable loss of strength after reaching this temperature (as presented in Fig. 4).

To further understand the distribution of BS in the geopolymer matrix and the formation of voids, the
grayscale threshold method was selected for background segmentation, which can reserve the color
information of BS and remove its background. The images in Fig. 6 were appropriately converted to
binary form, and the results are shown in Fig. 7. For BSRGP1 and BSRGP2, the distribution of BS in the
matrix is disordered and does not have a certain orientation Secondly, there are long cavities left in the
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matrix caused by the high-temperature degradation of the BS, which act as water loss channels and reduce the
possibility of forming large cracks in the matrix.
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Figure 7: Understanding the distribution of the BS and voids in composites by image analysis

3.6 XRD Analysis

The phase composition of geopolymer composites was analyzed by XRD. The GP and
BSRGP1 samples were selected as research objects. The XRD patterns before and after exposure to the
temperatures of 200°C—800°C were exhibited in Fig. 8. For GP in Fig. 8a, the broad hump at 20-40°
2-theta is the typical feature peaks of geopolymer, indicating that the amorphous gels of
geopolymerization are formed. The sharp diffraction peaks in this range come from the un-reactive silica
and anatase in the raw material. It is easy to see that the peak patterns of GP samples are almost the same
at room temperature and after the high temperature treatment of 200°C—800°C, indicating that the
amorphous structure has not changed over this temperature range. This phenomenon shows that the
strength decrease of GP in the process of rising calcination temperature is mainly related to water
evaporation. For BSRGP1 in Fig. 8b, from room temperature to 600°C, there is almost no difference in
the XRD patterns of the samples, but at 800°C, there is a small amount of characteristic diffraction peaks
of nepheline, indicating that a small amount of sintering occurs after calcination at this temperature, and
BS is oxidized in the interior without significant influence on the material structure.

In addition, there is almost no difference between Figs. 8a and 8b from room temperature to 600°C. This
indicates that the phase composition of both GP and BSRGP1 are almost unchanged in this temperature
range, the compressive strength of BSRGP1 is slightly higher than that of GP may be due to the voids
caused by water evaporation are filled by BS-burning carbides. As shown in Fig. 4a, although the
compressive strength gradually decreases with the increase of temperature, the compressive strength of
BSRGPI1 is obviously higher than that of GP at 800°C, which is related to the small amount of nepheline
crystals produced at this temperature.
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Figure 8: XRD patterns for GP and BSRGP1 at different temperatures

4 Conclusions

In this work, the effects of bamboo shaving on the physical performance, micro-structure, and
mechanical strengths of geopolymer composites at different temperatures (including room temperature
and 200°C-800°C) were studied. The conclusions from the experiment study are as follows:

(1) According to TGA analysis results, bamboo shaving does not significantly affect the thermos-
stability of the metakaolin based geopolymer, the residual weigh of bamboo shaving geopolymer
composites at 800°C is only 3% lower than that of pure geopolymer.

(2) With the temperature increasing, the dry shrinkage, porosity, and water absorption of the
geopolymer composites increase, while the density decrease, which is related to the light weight
and water absorption of bamboo shaving. Compressive and flexural strengths of pure geopolymer
and bamboo shaving reinforced geopolymer composites all decrease after exposure to the
elevated temperature, and the flexural strength decrease more significantly.

(3) The physical degradation of bamboo shaving and shrinkage of geopolymer matrix induced by high-
temperatures exposure are the determinal factors that control the loss of mechanical strength.

The preliminary study in this study shows that bamboo shaving has great development potential as reinforcer
for low-cost geopolymer matrix composites, and it is recommended to be used for application up to 400°C.
Nevertheless, further research is needed on the mechanical properties at elevated temperature to verify this.
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