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ABSTRACT

The influence of alkali treatment and fiber percentage on the physical, mechanical and thermal properties
of hemp fiber reinforced gypsum composites are examined. Short hemp fibers (15 mm in length) were
subjected to alkali treatment using 5, 10, and 15 wt. % NaOH concentrations for 5 h. Both untreated and
NaOH treated hemp fiber reinforced gypsum composites were fabricated with fiber percentages of
3,6,9,12,and 15 vol. % through the hand layup process. The fabricated composite samples were evaluated
for density, water absorption, compressive strength, flexural strength, and thermal conductivity. The
composite with 10 wt. % NaOH treated fibers, and 12 vol. % fiber content showed significant improvements,
with a 337 % increase in flexural strength, a 136 % increase in flexural modulus, and a 109.8 % increase in
compressive strength compared to pure gypsum. The results for thermal conductivity indicate that NaOH
concentration has a minimal effect on enhancing thermal resistance compared to the influence of fiber
percentage. SEM analysis of untreated and treated fibers revealed surface modifications and changes in
fiber characteristics due to NaOH treatment. The results showed that stronger NaOH treatments and higher
fiber content negatively impacted fiber suitability, stiffness, and overall composite properties.
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Introduction

Over the last decade, energy consumption in building sector has steadily increased due
to rising comfort standards and population growth. The need for environmentally friendly
and energy efficient materials to reduce energy consumption is critical as global energy
reserves become increasingly strained. This has driven research into the development of
thermal energy storage solutions, including electrochemical energy storage, latent heat
storage, and sensible heat storage [1,2]. Gypsum based materials are widely used in
commercial, residential, and industrial buildings for partitions, wall panels, and boards.
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These materials have gained prominence as unique construction materials due to their
affordability, lightweight properties, ease of application, and abundant availability [3].
The primary drawback of gypsum as a building material is its brittleness and heaviness.
This limitation can be migrated by mixing gypsum with synthetic fibers, mineral particles
and natural fibers [4]. Significant research has been conducted on the development of
gypsum composites reinforced with natural fibers, including notable examples such as
cellulose, hemp, palm, short sisal, and straw fibers [5-7]. Nindiyasari et al. [8] investigated
the mechanical properties of cellulose fiber-reinforced gypsum composites and found
that the addition of reinforcement increased the Young’s modulus, compressive strength,
and bending strength of the composites. This improvement was attributed to the fibers'
ability to fill the voids within the composites. Selamat et al. [9] evaluated the thermal
and mechanical performance of gypsum composites reinforced with rice husk and oil
palm trunk fibers. The results indicated that the composite with 20 % fiber loading
demonstrated improved thermal stability and flexural strength. Tesarek et al. [10]
assessed the compressive strength of gypsum composites reinforced with recycled tire
wires. Their study revealed that composites with large voids exhibited lower compressive
strength due to damage localization in poorly compacted areas. Amuthakkannan et al. [11]
examines the effect of fiber content on the mechanical properties of the short basalt fiber
reinforced composites and revealed that composites with 10 mm fiber length exhibits
better properties than other lengths of fiber.

In this way, natural reinforcements in gypsum matrices are increasingly important
for the design and construction of buildings, particularly as insulation materials. Among
various natural fibers, hemp fibers have demonstrated strong performance as a
sustainable reinforcement, resulting in composites with enhanced physical and
mechanical properties [12]. Several factors influence the properties of gypsum composite
materials, including the properties of the individual constituents, fiber geometry, the
orientation and distribution of the fibers, the fiber-matrix interface, as well as the fiber,
size, shape, and the methods used for mixing and processing [13]. Previous investigations
highlight that weak bonding at the interface between the reinforcement and matrix is a
major drawback, primarily due to poor wetting between the matrix and natural fibers. As
a result, numerous studies have focused on both physical and chemical treatments (such
as mercerization, alkalization, acetylation and silane) of fibers to improve fiber-matrix
adhesion, reduce moisture absorption, and enhance surface roughness [14-17]. Shejkara
et al. [18] investigated the effect of NaOH treatment on the physical and mechanical
properties of micro-sized walnut shell particulate (WSP) epoxy composites. Their findings
indicated that an excessive NaOH concentration in the aqueous solution slightly
degraded the material's properties. Yadav et al. [19] investigated the influence of NaOH
treatment on the mechanical properties of sisal fiber-reinforced epoxy composites. Their
analysis revealed that composites incorporating surface-modified sisal fibers with a 2M
NaOH concentration demonstrated superior mechanical properties compared to other
tested variants. In recent years, hemp fiber has garnered significant attention from
researchers worldwide due to its relatively short cropping cycle and ability to thrive in
diverse environments. It is an important natural fiber, extensively used in the production
of composites for various industrial and construction applications [20]. With a tensile
strength of up to 1110 MPa, hemp fiber is one of the strongest among all bast fibers [21].
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Charai et al. [22] demonstrated that incorporating hemp fibers into gypsum-based
composites enhanced both the thermal insulation and bending behavior of the
composites.

Numerous studies on natural fiber composites employ short fibers (typically ~ 15 mm
in length) to ensure compatibility with standard manufacturing techniques while
optimizing mechanical performance after alkali treatment [19,23]. lucolano et al. [24]
successfully produced gypsum composites reinforced with hemp and glass short fibers to
enhance the mechanical properties of the gypsum material. Research on hemp fiber
reinforced gypsum (HFRG) composites with alkali treated fibers is not reported in the
literature. This study aims to investigate the effects of different alkali concentrations
(5, 10, and 15 wt. %) and fiber volume percentages (3, 6, 9, 12, and 15 vol. %) on HFRG
composites. The compressive strength, flexural strength, thermal conductivity, density,
and water absorption of the composites with alkali treated fibers are compared to those
of untreated HFRG composites.

Materials and Methods
Materials

In this study, hemp fibers and a gypsum matrix were used to fabricate HFRG composite
materials. Hemp fibers were obtained from the local sources and chopped to an average
length 15 mm. The physical, mechanical, and thermal properties of the hemp fibers are
presented in Table 1. Gypsum, used as the matrix material, was in powder form.
The B-gypsum powder (CaS04-0.5H,0) utilized in this study was procured from Fiber
Source India. The properties of the gypsum used are presented in Table 2.

Table 1. Properties of hemp fiber

Property Value
Density, g/cm? 1.47
Tensile strength, MPa 200-240
Tensile modulus, GPa 3.5-40
% elongation 2-4
Cellulous content, % 74.4
Hemicelluloses, % 17.9
Lignin content, % 37
Moisture content, % 12

Table 2. Properties of gypsum

Property Value
Compressive strength, MPa 2.8
Flexural strength, MPa 15

Dry density, kg/m?* 800-1200
Workability time, min 65-95
Final setting time, min 140

1000 pm, % passing 95

150 pm, % passing 60
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Fiber treatment

The chopped hemp fibers were soaked separately in three different alkali concentrations
(5, 10, and 15 wt. % NaOH). The fibers were immersed in the NaOH solutions for 5 h at
room temperature to ensure better penetration of the solution into the fibers, as
recommended [25,26]. The treated fibers were removed from the alkali solution and
thoroughly rinsed multiple times with running tap water to remove any excess NaOH
from the fiber surface. The cleaned hemp fibers were then dried in an oven at 70 °C for
4 h to eliminate any remaining moisture content.

Composites preparation

The composite specimens were fabricated by varying the volume percentage of hemp fiber
(3,6,9,12,and 15 vol. %) and using different NaOH concentrations (0, 5, 10, and 15 wt. %).
The mix proportions of hemp and gypsum used to make the composite samples are
provided in Table 3. The hemp fiber and gypsum matrix were initially mixed for 3 min to
get a homogenized dry mixture and then water is added. The ratio of water and gypsum
was maintained 0.6 to achieve gypsum slurry. The slurry was poured into three open
molds of different shapes, with dimensions of 100 x 100 x 40, 160 x 40 x 40, and
120 x 120 x 20 mm?>. After 24 h, the composite samples were removed from the molds
and stored at room temperature for 28 days prior to testing. The fabricated gypsum
composite specimens were shown in Fig. 1.

Table 3. Mixed proportions of the NaOH concentration, hemp fiber, and gypsum

Composite NaOH concentration, wt. % Hemp fiber, vol. % Gypsum, vol. %
c1 0 0 100
C2 3 97
C3 6 94
c4 0 9 91
C5 12 88
Cé6 15 85
c7 3 97
C8 6 94
9 5 9 91

c10 12 88
C11 15 85
C12 3 97
C13 6 94
C14 10 9 91
C15 12 88
Cle 15 85
c17 3 97
C18 6 94
Cc19 15 9 91
C20 12 88
C21 15 85
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Fig. 1. Fabricated HFRG composite specimens

Physical properties of gypsum composites

The experimental density of the hemp fiber-reinforced gypsum composites was determined
using the Archimedes method in accordance with ASTM D792 standards. The composite
samples were prepared with dimensions of 100 x 100 x 40 mm?. By knowing the mass m
and volume V of the composite samples, the density p was calculated using Eq. (1):

m
p="1 (1)

The water absorption percentage of the fabricated composite specimens was measured
in accordance with the ASTM D2842-01 standard, using samples with dimensions of
100 x 100 x 40 mm?. The water absorption value was calculated using Eq. (2):

Water absorption (%) = (W;/—WO) x100, (2)
0

where W, is the initial weight of specimen and W is the weight of specimen after
absorption of water.

Mechanical properties of gypsum composites

The compressive and flexural properties of untreated and treated HFRG composites were
evaluated in accordance with TS EN 13279-2 standards. Both tests were conducted using
the same universal testing machine. Composite specimens with dimensions of
160 x 40 x 40 mm?* were used for the compressive and flexural tests. The experiments
were conducted at room temperature with a crosshead speed of 2 mm/min. The flexural
strength o and modulus Ef,, of the samples were calculated using Egs. (3) and (4):

o= 15 % P (1) ®)

bt2 \mm?

Epren= 22 (), 4

mm?
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where L is the length of the span, P is the maximum load supported by the sample, m is
the slope of the tangent to linear portion of the load-deflection curve, b and t are the
width and thickness of the sample respectively. The composite specimen subjected to the
compressive and flexural loading is shown in Fig. 2. For each type of composite, five
specimens were tested to evaluate the compressive and flexural properties, and the
average values were reported.

() (b)
Fig. 2. composite specimen subjected to (a) compressive loading and (b) flexural loading

Thermal conductivity of gypsum composites

The thermal conductivity of HFRG composite specimens was determined using the
steady-state hot plate method, following the procedure outlined in European Standard
EN 13279-2. The composite specimens prepared with dimensions of 120 x 120 x 20 mm®.
The samples were placed between a cold plate and a hot plate, and the thermal
conductivity was measured based on the temperature difference and heat flux, as

indicated in Eq. (5):

_ k(T1-Tp)
_ k) )

where k is the thermal conductivity (W/m-K), g is the heat flux (W/m?), L is the thickness
of the sample (m) and T;-T; is the difference in temperature (°C or K).

Scanning electron microscopy

To examine the fiber surface before and after alkali treatment, the microstructure of the
hemp fibers was analysed by using JEOL-JSM-6390 model scanning electron microscope
(SEM). To perform this study, the hemp fiber specimens were gold coated to improve the
electrical conductivity for attains good quality photographs.

Results and discussion
Density

The density of a composite is a key factor influencing its mechanical properties. The
experimental density of the composite depends on several factors, including interfacial
bonding, void content, and the relative proportions of matrix and fiber. The measured
density of neat gypsum was found to be 1.162 g/cm?. Figure 3 illustrates the impact of
NaOH treatment and fiber percentage on the experimental density of HFRG composites.
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It can be observed that NaOH treatment slightly improved the density of untreated
gypsum composites. The highest density values were recorded for composites treated
with 10 wt. % NaOH, followed by those treated with 15 wt. % NaOH, 5 wt. % NaOH, and
untreated fiber-reinforced gypsum composites. The figure shows that the measured
density of the fabricated composite specimens increases with a higher fiber percentage,
as expected, due to the higher density (1.47 g/cm>) of the hemp fiber compared to that
of the gypsum matrix (1.162 g/cm?®). The results indicate that as the hemp fiber
percentage increases from 0 to 12 vol.%, the measured density increases by 4.22, 4.99,
5.93, and 5.16 % for composites treated with untreated, 5, 10, and 15 wt. % NaOH,
respectively.

Untreated

5 wt.% NaOH
10 wt.% NaOH
HEE 15 wt.% NaOH

1.24

—
b2
=

—
—_
o0

Measured density (g/ cm3)

I
—
[=))

9 12
Fiber percentage (Vol.%)

Fig. 3. Density of HFRG composites

Water absorption

Water absorption is another important physical property that depends on various factors,
including humidity, void content, fiber percentage, and temperature [27]. The maximum
water absorption percentage of neat gypsum is 29.02 %. Figure 4 illustrates the effects
of fiber percentage and NaOH treatment on the water absorption of HFRG composites.

Water uptake rapidly increases in the early stages and slows down as immersion
time increases. It was observed that untreated hemp/gypsum composite samples
exhibited the highest water absorption percentage compared to alkali treated
hemp/gypsum composites. The maximum water absorption value observed for the
untreated composites with a 15 vol. % fiber percentage after 216 h was 44.84 %. This was
followed by 41.8 % for composites treated with 5 wt. % NaOH, 41.24 % for those treated
with 15 wt. % NaOH, and 40.16 % for composites treated with 10 wt. % NaOH. The
reduction in water absorption percentage after alkali treatment is attributed to improved
chemical bonding between the reinforcement and the matrix. These results are consistent
with those reported by previous researchers [28,29].
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Fig. 4. Water absorption of HFRG composite samples with hemp fiber (a) 3 vol. %, (b) 6 vol. %, (c) 9 vol. %,
(d) 12 vol. %, and (e) 15 vol. %

Compressive strength

Figure 5 shows the impact of fiber percentage and alkali treatment on the compressive
strength of HFRG composite specimens. The compressive strength of pure gypsum was
found to be 4.75 MPa. The compressive strength of the fabricated HFRG composite
samples was found to increase with the fiber percentage up to 12 vol. % before
decreasing at 15 vol. %. For composites with 12 vol. % fiber percentage, the compressive
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Fig. 5. Compressive strength of HFRG composites

strength increased by 85.68, 98.52, 109.8, and 94.73 % compared to neat gypsum, with
NaOH concentrations of untreated, 5, 10, and 15 wt. %, respectively. Hemp fiber has a
higher modulus, and NaOH treatment enhances the interfacial bonding between the
hemp fiber and gypsum. Up to a 12 vol. % fiber percentage, the stress required to achieve
the same deformation is relatively higher. At a 15 vol. % fiber percentage, the decrease
in compressive strength is attributed to increased porosity in the gypsum from air
entrainment and reduced adhesion between the hemp fibers and the gypsum [30].
Compared to untreated hemp/gypsum composites, those treated with NaOH exhibited
better compressive strength. As the alkali treatment concentration increased from 5 wt. %
to 10 wt. %, compressive strength improved. However, a decrease in compressive
strength was observed at 15 wt. % NaOH treatment. On the other hand, the decrease in
compressive strength of the 15 wt. % NaOH-treated hemp/gypsum composite is
associated to the removal of binding materials from the fibers and surface damage caused
by the strong NaOH concentration.

Flexural properties

Figures 6 and 7 present the average flexural strength and modulus of HFRG composites
obtained from flexural tests at different fiber volume percentages (3, 6, 9, 12, and 15 %)
and varying NaOH concentrations (0, 5, 10, and 15 %). The flexural strength and modulus
of neat gypsum were measured at 2.48 and 462 MPa, respectively. The flexural properties
of the composite specimens improved with increasing fiber content up to 12 vol. %, but
a further increase to 15 vol. % resulted in a decline. At 12 vol. % fiber content, the
maximum flexural strength of the HFRG composite increased to 9.15, 10.07, 10.84, and
10.36 MPa for NaOH concentrations of untreated, 5, 10, and 15 wt. %, respectively. The
improvement in flexural properties up to 12 vol. % fiber content is due to proper bonding
between the reinforcement and matrix phases, along with more fibers filling the voids in
the composite. As the fiber content increases from neat gypsum to 12 vol. %, the flexural
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Fig. 7. Flexural modulus of HFRG composites

modulus of the composites rises by 105, 118, 136, and 123 % for NaOH concentrations
of untreated, 5, 10, and 15 wt. %, respectively.

The flexural strength and modulus of alkali-treated HFRG composite specimens
were found to be higher than those of untreated specimens. The primary reason for the
improvement in strength and modulus with 10 wt. % NaOH treatment of hemp fibers is
the removal of waxy substances and impurities from the fiber surface. This enhances
mechanical interlocking and adhesive bonding between the reinforcement and the
matrix, leading to better overall performance [31]. Among the tested samples, the
composite with 10 wt. % alkali treatment and 12 vol. % fiber content exhibited the
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highest values, with a flexural strength of 10.84 MPa and a flexural modulus of 1091 MPa.
These values represent an increase of 18.4% in flexural strength and 15% in flexural
modulus compared to the untreated HFRG composite. The figures also show that
increasing the alkali concentration to 15 wt. % results in a decrease in flexural properties
compared to 5 and 10 wt. %. This can be attributed to the excessive NaOH concentration,
which removes lignin and hemicellulose from the fibers, thereby reducing the flexural
properties. Similar findings have been reported by several researchers for different NaOH
concentrations and fiber percentages [32-34].

Thermal conductivity

The thermal conductivity of pure gypsum was measured at 0.45 W/m-K. Figure 8 depicts
the thermal conductivities of the fabricated HFRG composite specimens with varying
NaOH concentrations and fiber volume percentages. The figure shows that the addition
of hemp fibers into the gypsum matrix reduces the thermal conductivity of the composite
material. With hemp fiber volume percentages ranging from O to 15 vol. %, the thermal
conductivity decreased compared to neat gypsum by 13.55,12.88,12.22, and 11.55 % for
NaOH concentrations of untreated, 5, 10, and 15 wt. %, respectively. This indicates that
the addition of natural fibers to the matrix material significantly improves the thermal
insulation of the composites. Furthermore, the figure suggests that the impact of NaOH
treatment on thermal conductivity is less pronounced. The observed increase in thermal
conductivity of composites with higher NaOH concentrations can be attributed to three
key mechanisms: enhanced fiber—-matrix interfacial bonding, structural modifications
within the fibers, and reduced porosity. These results align well with previous literature
findings [35,36].
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Fig. 8. Thermal conductivity of HFRG composites
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Scanning electron microscopy analysis

To examine the effect of alkaline treatment on the hemp fiber surface, SEM photographs
were taken of both untreated and treated hemp fibers. Figure 9 displays the SEM images
of these fibers, with magnifications of 300x and 1500x. The untreated fibers (Fig. 9(a,b))
exhibit diameters ranging from 550 to 650 pm, with their surfaces extensively covered
by an organic layer primarily consisting of non-cellulosic components. Alkali treatment
significantly alters fiber morphology, as evidenced by the reduction in fiber dimensions
and the breakdown of fiber bundles (Fig. 9(c-f)). Furthermore, the treated fibers exhibit
markedly cleaner and smoother surfaces, indicating the removal of non-cellulosic

300X 1500X

Fig. 9. SEM images of untreated and alkali treated hemp fibers
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impurities. As shown in the figure, the filaments of the hemp fiber separate after alkali
treatment (Fig. 9(c-f)), whereas the filaments remain combined in untreated hemp fiber
(Fig. 9(a,b)). This process, where the collective bundle breaks into smaller filaments due
to dissolution, is known as fibrillation [37]. Fibrillation increases the fiber's surface area,
enhancing its contact with the matrix. This improved interfacial adhesion between the
reinforcement and matrix can enhance the mechanical properties of the composite.

Conclusion

In this study, the effects of alkali treatment and fiber percentage on the mechanical and
thermophysical properties of HFRG composites were examined in detail. The key findings
of the fabricated composites are as follows:

1. The measured density and water absorption percentage of HFRG composites increase
with a higher volume percentage of fiber. For the 10 wt. % NaOH-treated HFRG composite,
the water absorption is 40.16 %, compared to 44.84 % for the untreated composite.

2. The compressive and flexural properties of HFRG composites improve following alkali
treatment of hemp fibers. For the 10 wt.% NaOH-treated HFRG composite at 12 vol. %
fiber percentage, the flexural strength and modulus increased by 337 and 136 %,
respectively. Additionally, at the same fiber percentage and NaOH concentration, the
compressive strength of the HFRG composite increased by 109.8 %.

3. The thermal insulation property of gypsum composites is significantly enhanced with
the addition of hemp fiber compared to pure gypsum, offering greater energy efficiency.
The impact of NaOH treatment on thermal conductivity is less pronounced compared to
the effect of fiber percentage.

4. Therefore, these fabricated HERG composite materials are suitable for use in building
applications such as wall materials and false ceilings, helping to reduce energy
consumption in buildings.
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