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Study of the Production and Characteriza-

Abstract

This research highlights a non-exhaustive study of the production and char-
acterization of the physico-chemical and mechanical properties of a unique
wood-kaolin composite. XRD, FT-IR, and SEM-EDX analyses reveal that the
clay composition is dominated by quartz and kaolinite, with particles arranged
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site: Case of the Tropical Wood Species Ay-
ous. Journal of Minerals and Materials on either side in different shapes. The peaks present on the diffractogram of
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ayous wood sawdust are associated with planes attributed to the crystallo-
graphic plane of cellulose and show small fibers (microfibrils) that are gener-

ally made of cellulose and lignin, which make up the main component of the
wood. As for the mechanical characterization, the panels PC (225.13 MPa), PB
(189.53 MPa), and PH (182.83 MPa) exhibit the highest yield limits. The PH
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(269.46 MPa), PC (254.93 MPa), and PA (254.76 MPa) panels show the highest
maximum strengths. The PH specimen (24.36 MPa) has the best ability to re-
sist bending while maintaining its stiffness. Conversely, the PD specimen
(15.70 MPa) has the lowest Young’s modulus.
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1. Introduction

Developing countries produce a considerable amount of waste from the wood
processing industry. Upstream forestry production, as well as the wood processing
industries, feel this imbalance in the utilization of machining residues [1]. Only
30 to 36% of wood volumes are processed in Cameroon due to poor industrial
performance in wood processing; about 64 to 70% of the wood ends up as residues
in sawmills, and only 10% of sawmill residues are utilized [2]. This will lead to a
wood shortage according to figures provided by WWF Brazil (2014). It is esti-
mated that the global annual demand for wood is expected to increase from 6 to
8 billion m? by 2050 [3]. The residues from wood processing in Cameroon lack
awareness of environmentally responsible valorization; most of the population
uses these waste materials in the poultry sector for sanitation, as energy sources,
while others are left abandoned. These resources, whether exploited or underuti-
lized and available in nature, can contribute to the production of various materials
useful to the public [2] [4]. Reducing greenhouse gas emissions and the carbon
footprint worldwide remains a priority in preserving renewable resources; the cre-
ation and modernization of products from biomass as basic materials should re-
main a priority for actors in the forestry and wood industries [5]. This brings us
to look into the valorization of wood residues known in Cameroon, Gabon, and
Congo under the name Ayous ( 7riplochiton scleroxylon). Its valorization in our
study is due to the fact that Ayous, like other white woods, is classified among
second-choice species on the market in terms of quality and reduced physical and
mechanical resistance. However, its wide geographical distribution and great
availability remain an exception. The large diameter of the logs and the size of
Ayous wood make it economically viable [6]. This study focuses on an innovative
area involving the combination of two materials, wood and clay, to make a com-
posite panel. The combination of diverse materials results in the formulation of a
solid, multi-phase composite material, consisting of at least two immiscible mate-
rials with complementary characteristics [7]. Having a variety of structural and
non-structural applications for both indoor and outdoor purposes, such as furni-
ture, structural elements, flooring, windows, or doors, they have many applica-
tions in construction [8]. This is the case for panels reinforced with synthetic and
natural fibers found on the market. Moreover, low density, non-toxicity, and a
non-abrasive nature for equipment are the characteristics of a composite material
reinforced with natural fiber; it differs from one reinforced with fiberglass [7]. The
greatest challenge faced by panel manufacturing industries is the presence of un-
wanted foreign substances in the residues. Indeed, one of the two major compo-
nents of the panel, apart from the wood fibers, is urea-formaldehyde resin or Phe-
nol-formaldehyde. The methanol present in the resin is harmful to human health
and can cause damage when these residues are reused in the environment [9] [10].
Several studies have explored similar avenues, Gwon et a/. (2012) [11] worked on
the development of a composite made from wood-plastic hybridized with inor-

ganic fillers. Subsequently, the study of the production and characterization of
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wood-plastic composites was addressed by Mahfoudh (2013) [7]. The develop-
ment of an ultra-lightweight thermal insulation panel based on expanded perlite
(Celik and Durmus, 2022) [12], as well as insulating structural composite panels
made of glass fiber-reinforced polymer and cement-based materials Peng et al.
(2021) [13], were studied. The use of kaolin and fibers for the manufacture of
thermal insulation panels was studied by Reddy et al. (2024) [14]. Although prior
studies have investigated the incorporation of mineral fillers or natural fibers into
composites based on harmful adhesives, their application to particleboard manu-
facturing remains limited. The originality of the present study lies in the formu-
lation of a structural composite panel combining exclusively machining residues
from Ayous (Triplochiton scleroxylon) and a natural clay matrix, all stabilized
with a health-friendly vinyl binder.

This raises the interest of our research on wood-clay composites optimized us-
ing an experimental design, representing an emerging class of hybrid materials
that combines the advantages of natural wood with the characteristics of clay. This
composite panel thus offers wide applications in various industrial sectors. Once
again, this innovative blend of renewable raw materials and minerals is generating
growing interest in meeting the sustainability and performance requirements of
modern materials.

In this context, the study presented offers a thorough analysis of the production
and characterization of the physicochemical and mechanical properties of this
unique composite, in order to shed light on its feasibility and potential applica-

tions in indoor and outdoor furniture.

2. Materials and Methods
2.1. Material

The materials and devices that were used for this work are as follows: Sieve; a pH
meter with a temperature probe; an electronic scale; a pair of gloves; a container
for the mixtures; a release agent (cling film); vinyl adhesive wood purchased from
the SONECO supermarket located in Bastos, in the Yaoundé 1 district, Mfoundi
department, Central Region of Cameroon. An oven; a sprayer; a mixer: located
within the Laboratory of Chemical Engineering and Industrial Bioprocesses at the
University of Douala. A grinder: located at the Congo Market in Douala II and
suited to our type of work. A mold: designed and manufactured taking into ac-

count the standards of the various tests to be carried out.

2.2. Basic Constituent Materials

The production of the composite panel was carried out using wood particles of
ayous (Triplochiton chleroxylon) sourced from a sawmill in Bondje, located in the
East of Cameroon, in the Boumba and Ngoko department, Yokadouma district.
The granulometric selection of the Ayous wood particles was based on previous
work, using a sieve size between (0.31 - 0.35 um), which yielded satisfactory results

[1] [2]. The clay matrix was collected in Mbalmayo near the Nyong River in the
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Nyong and So’o department, Central region of Cameroon. The water-based white
vinyl glue additive, suitable for all types of wood [15], was purchased from a su-
permarket in the center region. The wood sawdust and clay were air-dried in the
sun before being placed in an oven at 103 + 2°C until reaching an anhydrous state,
in order to stabilize them (sample mass fluctuating below 0.1% successively be-
tween two weightings within a 2-hour interval). Figure 1 and Figure 2 below show

the steps for obtaining wood and clay particles.

2.3. Method for Preparing Wood Sawdust and Clay Materials

2.3.1. Preparation of Ayous Wood Sawdust
The process of preparing Ayous wood sawdust is carried out through a long pro-

cess as shown in (Figure 1(a) & Figure 1(b)), in order to remove all impurities

and improve its properties through its particle size [16].

Grinding

Physicochemical Sieving Dryingl103 +2°C }
characterization

Cut wood (a) Crushed wood (b) Sieve size 0,35 mm (c)

Sifted sawdust (d) Drying oven (e)

(b)

Figure 1. (a) Diagram of the Ayous sawdust preparation process; (b) Preparation of Ayous

sawdust.

The procedure below (Figure 1(b)) involves collecting the wood, cutting it,
grinding it, drying it, and sieving it; this sieving allows for obtaining wood parti-
cles suitable for physico-chemical characterization.

Ayous wood sawdust naturally contains moisture, which can affect the proper-
ties of the composite when it is incorporated. By drying the wood sawdust, part of
this moisture is being reduced. After harvesting, the wood was fragmented into

small pieces and ground in a specific machine, then sieved and dried in an oven
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at 103 + 2°C before characterization.

2.3.2. Preparation of the Clay

The preparation of the clay (Figure 2) makes it homogeneous and pure; it is dried
(40°C for 24 hours), crushed in an agate bowl, and sifted using a sieve to obtain a
fine and homogeneous powder of less than 350 um [17]. All this is to ensure the
reliability, reproducibility, and representation of the intrinsic properties of the

clay.

‘/ Clay ; Dryi“fo(fc“)hours - Crusher ):>[ Pulverization ]

Drying 110°C Centrifugation Washing / g Powder \\\
[ yine C:‘ £ " (@istlled water) |\ (somicron) |
AN

Kaolinite l::>‘ Physicochemical characterization ]

Figure 2. Clay preparation process.

2.4. Assembly of the Test Plan

Before any handling, a test board is set up using the Statgraphics 18.0 software as
shown in (Table 1). A Simplex Centroid-type mixture design was carried out to
optimize 3 experimental variables: clay (30 - 35), Ayous dust (30 - 35), and the
binder (15 - 20) while keeping the water percentage constant (15%) throughout
the experiment. The response for each of these tests is the density po (g/cm?). The
optimization objective and the reason for choosing the 10 formulations lie in the
fact that this method allows obtaining the maximum mathematical information
with the minimum number of laboratory manipulations. Indeed, a test board is
essential for the handling and characterization of composites because it allows
controlled mechanical tests to evaluate the properties of the composite, such as
tensile, bending, or shear testing. This is necessary to obtain usable results on the

composites [18].

Table 1. Formulation test plan.

N°  Code Ayous sawdust Clay Binder  water Total mass (g)
01 PA 35 35 15 15 199
02 PB 35 30 20 15 199
03 PC 30 35 20 15 199
04 PD 34.16 34.16 16.66 15 199
05 PE 34.16 31.66 19.16 15 199
06 PF 31.66 34.16 19.16 15 199
07 PG 35 32.5 17.5 15 199
08 PH 325 35 17.5 15 199
09 PI 32,5 32.5 20 15 199
10 PJ 33.33 33.33 18.33 15 199
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2.5. Preparation of the Composite

The manufacturing process of the specimens shown in Figure 3 must be carried
out carefully, following the previously established mixing plan (Table 1). Once
the sawdust and wood are dried, proceed to the first mixing and stir dry with a

mixer for approximately 4 minutes.

Wood I @

[ Obtaining sawdust ] Obtaining the power

L{}{ Drying ](:J

[ Wood clay mixture ]:>[ First mix

[ Molding K,‘j{ Second mix K:{ Mix of wood, clay, cool, ]
water

.

[ Pressing/ Compaction ]:>[ Hydration ]:>[ Unmolding

[ Characterization ]<:[ Drying

Figure 3. Composite preparation process diagram.

Prepare the wood vinyl glue, then take 15% water of the total mass of each spec-
imen and proceed to the second mixing for about 8 to 10 minutes until it is ho-
mogeneous. Prepare the mold and cover it with plastic wrap to facilitate demold-
ing of the specimens, then compact it using a mass with an average load of 5 MPa,
let it hydrate for 24 hours, demold it, and air-dry for 18 hours, then dry it in an
oven at 103°C (£2) until its mass stabilizes [19]. For each formulation, three dis-
tinct specimens were independently prepared to ensure the reproducibility of re-

sults and to serve as independent biological and technical replicates.

Table 2. Manufacturing parameters for (wood-clay) specimens.

Parameter Specifications/Values Technical Observations
Matrix . Water-soluble, hardening by
. vinyl wood glue .
(Binder) evaporation.
Local clay from the sedimentar
Mineral Filler Mbalmayo clay . Y . Y
basin of the Centre region.
Woody Ayous sawdust ( 7riplochiton Low-density wood (0.35 to 0.45
Reinforcement scleroxylon) g/cm?).
Granulometry Narrow granulometric range for
0.31 to 0.35 mm i
Q) homogeneity.
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Continued
Mold
. . 176.5 x 58.8 x 18.8 mm Useful mold volume: =195.1 cm?.
Dimensions
Target Induces a compression rate of
X 16 mm
Thickness (h) =~15%.
Water Content 15% Necessary balance for mixture
(&) ’ processing.
Compaction 5 MP Moderate pressure for wood-clay
a
Pressure composite.
Pressing Time 15 min Shaping and initial cohesion phase.
Drying 18 days (30°C) + Oven (103 Slow drying (prevents cracks)
Protocol +2°C) followed by stabilization.

Table 2 below presents the development of a bio-sourced composite that com-
bines the porosity of Ayous with the plasticity of Mbalmayo clay, stabilized by a
vinyl adhesive to optimize interfacial adhesion. The protocol focuses on using a
fine granulometry that increases the specific surface area and contact points, while
compaction at 5 MPa under a 15% compression rate reduces inter-particle voids

to enhance density and mechanical strength.

2.6. Physicho-Chemical Characterization Techniques

The surface morphological characteristics and the elemental composition of the
materials were examined by the scanning electron microscopy (SEM) coupled
with energy-dispersive X-ray spectroscopy (EDX) using a JEOL-JSM-6390A de-
vice (Tokyo, Japan) with an accelerating voltage of 10 kV and a magnification
range of 25x to 1000 kx for this purpose. The crystallinity of the phases was deter-
mined by X-ray diffraction (XRD) using a PAN XPERT Pro powder X-ray diffrac-
tometer. The device was operated at 30 mA and 40 kV using Cu-K al radiation
with a wavelength of 1.54056 A at a scan rate of 5°/min over a 26 range of 10° to
90°. The surface functional groups present in the materials are identified by Fou-
rier-transform infrared spectroscopy (FT-IR) using a Nicolet IS5 Thermo Scien-
tific spectrometer. The spectra were recorded in continuous mode between 4000
and 400 cm™ by using the attenuated total reflection (ATR) technique. Once the
IR radiation passed through the sample, a spectrum of the intensity of the ra-
diation transmitted by the sample as a function of the wavenumber was rec-
orded.

The Measurement Protocol
(Table 3) for the anhydrous density (p,) of these composite specimens is based on
ISO 13061-2 standard.
Required Equipment
e  Thermostatic oven (105 - 110°C).
e  DPrecision balance (0.01 g).

e  Vernier caliper or micrometer.
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e Dehumidification ovens.

Table 3. Density measurement steps.

Duration/

Ste Description
P P Precision

Clean and measure dimensions (L = 150 mm, 1 = 50
1. Preparation mm, e = 16 mm) of each specimen; calculate V=L x 1 0.01 mm
x e (in m? or cm?).

2. Initial Weigh the molded specimen (mf = 199 g) at ambient 0.01
Weighing state. 8
Place in oven at 105 + 2°C until constant mass (loss
3. Anhydrous . Constant
. <0.1% over 24 h); typically 24 - 48 h for wood
Drying . mass
composites.
4. Anhyd
RAYETOUS ool 1hiin desiccator, then weigh mo (dry mass). 0.0lg

Weighing

5. Calculation  po = mo/V (g/cm?); error and uncertainty < 1%. -

2.7. Mechanical Characterization in Three-Point Bending

The bending test was carried out in accordance with the normative reference EN
310 [20]. The cutting and sizing assigned to this test specimen are given by stand-
ards EN 325; EN 326-1, which are 150 mm x 50 mm X 16 mm. This European
standard specifies a method for determining the apparent modulus of elasticity in
axial bending and the bending strength of wood-based panels with a nominal

thickness equal to or greater than 3 mm.

2.7.1. Principle

The process involves determining the flexural modulus (MPa) as well as the flex-
ural strength by applying a force in the middle of a sample supported by two
points. The slope of the linear portion of the load-deformation curve allows us to
determine the modulus of elasticity: The determined value is the apparent modu-
lus, which varies because the analysis method includes both shear and bending.
The bending stress of each sample is calculated by taking the ratio of the bending

moment M to the rupture load Fmax at the cross-section.

2.7.2. Equipment
The testing devices (Figure 4) below mainly consist of the following elements. The
two cylindrical roller supports are placed parallel with a length greater than the
width of the specimen and a diameter of d = (15 + 0.5) mm; the distance between
the supports is adjustable. An identical length for the cylindrical knife with a di-
ameter of (30 £ 0.5) mm is placed parallel to the supports and at an equal distance,
dimensions in millimeters.

The appropriate tool for measuring the deflection of the specimen at the center
of the span with an accuracy of 0.1 mm; an analysis system to determine the load

applied to the specimen with an accuracy of 1% of the obtained result.
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F
)
15+0.5
| -~
| Et
-+ 30+0.5

L 7/

71 1=test tubes 1;1=20t
L F=load l=11+50
L, t=thickness

Figure 4. Bending testing device.

2.7.3. Flexural Modulus
The flexural modulus of elasticity £, (in newtons per square millimeter) of each
test specimen were calculated using the following formula:
_ L(R-R)
" 4bt (a,—ay)
For each set of test specimens, the flexural modulus taken from the same panel

corresponds to the arithmetic mean, expressed with three significant figures, of

the flexural moduli of the specimens considered.

F, 04F
A
t a) Load
b) arrowa

a)

F, 01F

/
/
Y
1 b) . a2

Figure 5. Load-deformation curve (elastic deformation domain) (a) and 03 point bending
test showing the crack (b).

The three-point bending curve is presented in the form of force-displacement.
The curve evolves through three phases before the appearance of the first crack
(Figure 5(a)), as shown in (Figure 5(b)), corresponding to the response of the
specimens.

Phase 1: The first stage describes the linear plastic behavior of the wood-clay
material. During this period, the Young’s modulus changes very little, and no im-
pact is visible to the naked eye.

Phase 2: During the second stage, a nonlinear elastic behavior of the composite
material is observed. It is characterized by a gradual decrease in the stiffness of the

structure and in the Young’s modulus.
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Phase 3: This final stage occurs beyond the peak of the curve and indicates the
failure point of the composite (composite cracking). The crack propagates and

leads to total rupture [18].

2.7.4. Resistance to the Bending Test
The bending stress  f, (in Newtons per square millimeter) of the test specimens

is calculated from the following formula:

Fmaxl
Tw==05

3
2bt

where: Fy.x = breaking load, in Newtons, 4, b, and tare in millimeters.
According to ASTM D790 and ISO 178 standards, for a rectangular cross-sec-

tion composite panel specimen (width b, thickness 4), subjected to three-point

bending with span length Z, the maximum flexural stress is given by the following

equation.

o _max =3FL/(2bh"2)

where:

F'is the applied force (in N),

Lis the span length between supports (in mm),

bis the specimen width (in mm),

his the specimen thickness (in mm).
Regarding the elastic limit in flexure, on the force-deflection (or stress-deflec-
tion) diagram, identify the point where the curve deviates from the linear portion
(onset of plastification or non-linearity). The corresponding force Fey,s represents
the force at the elastic limit in flexure. The elastic limit stress in flexure o.xis then
given by:
o _elas=(3F _elas L)/(2bh"2)

It is expressed in MPa (or N/mm?) and is commonly used in flexural testing on
composites (ASTM D790, ISO 178).

For each group of specimens, the bending strength taken from the same panel
corresponds to the arithmetic mean expressed with three significant figures of the

bending strengths of the specimens considered.

3. Results and Discussion
3.1. Characterization of Raw Materials
3.1.1. Analysis by XRD and FT-IR Spectroscopy of Kaolin and Wood
Sawdust

The analysis of the clay X Ray diffractogram (Figure 6) reveals that the composi-
tion is dominated by quartz and kaolinite, with minor amounts of goethite and
anatase. The results obtained are in agreement with those reported by [21] on the
clays of Mbalmayo (central Cameroon).

The peaks present on the diffractogram (Figure 6) of Ayous wood sawdust are

associated with planes attributed to the crystallographic plane of cellulose. The
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peak at 14.9° is attributed to the crystallographic plane (110) and the one at 22.26°
to the crystallographic plane (200) of cellulose according to [22]. These 28 diffrac-
tion peaks reveal the native form of cellulose, characteristic of lignocellulosic ma-

terials, crystallographically of cellulose.

Q Clay

Wood

= Q: Quartz

G K: Kaolinite

z G: Goethite

§ N a: Anatase

=

T T T T 4 T T T T
0 10 20 30 40 50 60 70 80 90

20 (deg)

Figure 6. XRD Diffractogram of clay and Wood.

The examination of the IR absorption spectrum of kaolin (Figure 7) shows
three bands between 4000 - 3500 cm™, which are attributable to the OH stretching
vibration peaks of kaolinite [23]. The other bands at 1028 and 1005 cm™ corre-
spond to the (S§i-O-Si) and Si-O-T where (T is Si or Al) bonds, respectively [24];
vibrations in the plane at 911 cm™, attributed to Al-OH bending vibration; 779,
751, 529 cm™! symmetric and asymmetric vibrations of the Si-O-Al groups that
characterize Kaolinite. The IR spectrum of kaolin does not show suitable bands
for organic matter and carbonates, notably in the region 2954 - 2810 cm™ and
1400 cm™, as their characteristic bands are not observed [25]. In the IR-TF spec-
trum of Ayous wood (Figure 7), the band at 3360 cm™ in the absorption range
corresponds to the stretching vibrations of the O-H bond. This indicates the pres-
ence of aromatic structures and phenolic and alcoholic compounds correspond-
ing to lignin and cellulose. The band extending to 2903 cm™ is attributed to C-H
stretching. The band located between 1650 and 1504 cm™ is attributed to benzene
stretching vibrations related to aromatic groups. Additionally, the band at 1262
cm! is attributed to the C-O vibration of the methoxyl groups of lignin. The band
at 1023 cm™ corresponds to the stretching vibrations of the C-O and C-O-C bonds
of cellulose, and the bands between 1025 - 1035 cm™ correspond to the C-O-C

deformation vibrations. These bands are consistent with those reported by [26].
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The band at 896 cm™ is associated with antisymmetric stretching in the pyranose
ring phase of cellulose [27].

rowgpr y
——q.}rv ~ Ubde o
OH
~ -Ww s
s
by OH
(]
=
«
E
g
172}
=
«
;1™
=
Clay
Wood
T T ' T ! T T T ' T ' T 4
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm)

Figure 7. IR-TF Spectrum of clay and wood.

3.1.2. MEB Analysis of Kaolin and Ayous Wood Sawdust

Figure 8 shows the MEB analysis of clay (Figure 8(a)) and wood (Figure 8(b)).
The image (Figure 8(a)) illustrates the morphology of the kaolin material; we can
observe the particles arranged on either side with different shapes. It is also noted
that its particles do not have a uniform coloration; nevertheless, the white color is

dominant and similar to the kaolinite from Mayouom (western Cameroon) [28].

Figure 8. Morphology of clay (a) and wood (b).

This may be due to its elemental composition, as shown by spectral analysis and
EDX. Direct observation of the ayous wood sawdust image (Figure 8(b)) shows a
more or less irregular outer surface and a heterogeneous structure, similar to pine

wood residues [29]. There is a noticeable color distinction, with white being dom-
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inant in ayous sawdust due to its wood type, compared to sawdust from IROKO,
DIBETOU, and MOABI, which are slightly darker [30]. The image shows scat-
tered pores, which increase the material’s absorption capacity. The photograph
also reveals Fiber (microfibril) which is generally made of cellulose and lignin,
constituting the main component of wood [31] [32]. Lignin provides rigidity to
the cell wall [33].

3.1.3. EDX Analysis of Kaolin and Ayous Wood Sawdust

Figure 9 presents the EDX analysis of the clay (Figure 9(a)) and wood (Figure
9(b)). The EDX microanalysis of kaolin (Figure 9(a)) shows that it contains the
elements oxygen (51.8%), sodium (0.5%), aluminum (16.7%), silicon (27.9%), po-
tassium (0.8%), and iron (2.3%). However, the clay is rich in oxygen (51.8%), alu-
minum (16.7%), and silicon (27.9%) with a Si/Al ratio of 1.6; which is consistent
with its use since the mechanical properties of clay-based geopolymers depend on
alkalinity and the Si/Al ratio. It has been shown that a decrease in compressive
strength is related to an increase in the Si/Al ratio to around 2.15. The slight in-
crease in potassium content compared to sodium indicates that the breaking stress
will be higher [34]. The EDX analysis (Figure 9(b)) of the Ayous sawdust material
shows 67% oxygen (O), which is relatively higher than that reported in [29], at
40.6%. Indeed, oxygen is a major component of the functional groups present in
the cellulose and lignin molecules of wood sawdust. The high oxygen content
demonstrates that the material (wood sawdust) is largely composed of carbon-
and oxygen-based organic compounds. The analysis records 9.5% silicon (Si),

which is considered high for wood sawdust.

16.7%

(b)

9.5%

Fe
35% Wz
10,4%

9,5%
67,1%

E] Fe  Fe
y -
e - e 52 65

1 2.6 39

Figure 9. EDX of kaolin (a) and Ayous sawdust (b).

This could be due to contamination by mineral matter or inorganic elements
from the manufacturing process or the soil. Furthermore, it indicates 10.4% man-
ganese (Mn), which is relatively high for wood sawdust as an organic material and

provides an advantage for the composite material because manganese enhances
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the mechanical properties of the material. Furthermore, the presence of 9.5% zinc
in Ayous wood sawdust is significant; it is used in treatment products for its ability

to resist degradation and provide mechanical strength [35].

3.1.4. Data Analysis Formulation Test Plan

Table 4 under illustrates the relationship between the mixture compositions and
the apparent density (po) of bio-composites based on Ayous wood and clay. Alt-
hough the total mass (199 g) and water content (15%) were kept constant across
all samples, slight fluctuations in density are observed, ranging from 1.38 to 1.41
g/cm’. These minor variations indicate that volumetric substitution between
wood sawdust (a lightweight material) and clay or binder (denser materials) in-
fluences the structural arrangement and internal porosity of the specimens during
molding. The predominance of the 1.41 g/cm’ value for several mixtures (notably
PA, PC, PD, PF, PH, and PI) suggests a saturation threshold or compaction equi-
librium for these specific proportions. Conversely, the reduction observed in sam-
ple PE (1.38 g/cm®) may indicate an increase in void volume or less intense phys-
ico-chemical interactions between components, offering avenues for tailoring the

final material’s physical properties.

Table 4. Analysis formulation test plan.

N°  Code s?‘ZZEZt Clay Binder  water Totaélg;nass @ //c,om3)
01 PA 35 35 15 15 199 1.41
02 PB 35 30 20 15 199 1.40
03 PC 30 35 20 15 199 1.41
04 PD 34.16 34.16 16.66 15 199 1.41
05 PE 34.16 31.66 19.16 15 199 1.38
06 PF 31.66 34.16 19.16 15 199 1.41
07 PG 35 32.5 17.5 15 199 1.39
08 PH 32.5 35 17.5 15 199 1.41
09 PI 32.5 32.5 20 15 199 1.41
10 PJ 33.33 33.33 18.33 15 199 1.40

3.1.5. Mechanical Characterization Three-Point Bending Test

The bending test was carried out under 10 formulations, and each formulation
contains 3 specimens, making a total of 30 samples analyzed in bending. The test
was conducted at the CECAM laboratory at PK 10 in the city of Douala, Cameroon,
in accordance with the EN 310 standard [20], using a universal testing machine
with a 5 kN force sensor and at a constant speed of 1 mm/min. The mechanical
properties evaluated in this study include the modulus of elasticity ML (MPa), the
maximum static bending stress (ofmax), and the Young’s modulus (E). The vari-

ous stress-strain curves (Figure 10) allowed to analyze and derive Table 5 using
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Equations (1) and (2). This curve interpretation thus made it possible to obtain
the exact values of the elastic limit (MPa), the maximum strength (MPa), and the

Young’s modulus (MPa).

Table 5. Interpretation of bending curves (Elastic limit, maximum resistance, young’s modulus).

N°
01
02
03
04
05
06
07
08
09
10

Code

PA
PB
PC
PD
PE
PF
PG
PH
PI
PJ

Ayous
sawdust

35
35
30
34.17
34.17
31.67
35
32.5
32.5
33.33

Clay Binder

35
30
35
34.17
31.67
34.17
32.5
35
32.5
33.33

Water  Elastic limit (Mpa) Maximum strength (Mpa) Your(lf/{ll\)/:))dule
15 15 156.17 + 7.33 254.77 + 33.92 19.66 + 0.08
20 15 189.53 + 26.03 213.63 £ 7.22 18.15 £ 1.59
20 15 225.13 £ 62.63 254.93 + 34.08 21.15+1.41
16.67 15 128.80 + 34.70 168.23 £ 52.62 15.70 £ 3.04
19.17 15 176.97 £ 13.47 215.40 £ 5.45 16.79 £ 2.95
19.17 15 166.23 +2.73 194.50 + 26.35 20.98 £1.24
17.5 15 171.93 + 8.43 207.40 + 13.45 23.79 £4.05
17.5 15 182.83 +19.33 269.47 + 48.62 24.36 + 4.62
20 15 136.17 £ 27.33 196.97 + 23.88 19.17 £ 0.57
18.33 15 101.20 £ 63.30 233.17 £ 12.32 17.63 £ 2.11

3.1.6. Comparative Analysis of the Different Flexural Strength Limits,
Maximum Strengths of the Bending and Young’s Moduli from
Bending Tests of Specimens

By analyzing this data, it is clear that the PC (225.13 + 62.63 MPa), PB (189.53 +
26.03 MPa), and PH (182.83 + 19.33 MPa) panels have the highest yield strengths,
in that order (Figure 10(a)). This suggests that they are the most resistant to plas-
tic deformation during the bending test. On the other hand, the PJ (101.2 + 63.30
MPa), PI (136.16 + 27.33 MPa), and PD (128.8 + 34.70 MPa) specimens have
lower yield strengths, which means they are less capable of withstanding bending
stresses without undergoing permanent deformation.

The studied wood-fiber-reinforced polyethylene composites show a modulus of
elasticity depending on the type of pine filler and particle size. This modulus
ranges from 741 MPa to 832 MPa due to a 20% pine filler. Conversely, the CBP
thermoplastic composite [36] exhibits a lower modulus of elasticity than the
wood-kaolin composite.

The analysis of this data shows that the PH (269.46 + 48.62 MPa), PC (254.93
+ 34.08 MPa), and PA (254.76 £ 33.92 MPa) specimens exhibit the highest maxi-
mum strengths, in that order (Figure 10(b)). These specimens are therefore the
most capable of withstanding significant loads without breaking during the bend-
ing test. Conversely, the PD (168.23 + 52.62 MPa), PF (194.5 * 26.35 MPa), and
PI (196.96 + 23.88 MPa) specimens show lower maximum strengths, indicating
that they are less capable of bearing high loads before breaking. The PB (213.63 £
7.22 MPa), PE (215.4 + 5.45 MPa), PJ (233.16 + 12.32 MPa), and PG (207.4 +
13.45 MPa) specimens fall within an average maximum strength range, with var-

ied but relatively close performances.
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The highest maximum strength is found in the PH panel (269.46 + 48.62 MPa).
The study conducted on the development of the Kaolin-glass fiber composite [37]
reports maximum strengths according to the percentage of kaolin contained in
the composite. We can note 60.55 MPa for pure glass fibers; 91.5 MPa with 30%
kaolin; 110 MPa with 40% kaolin [37]. The maximum strength increases with a
significant presence of kaolin in the glass fiber. Additionally, wood-clay compo-
sites (case study) behave similarly and have a greater maximum strength with a

lower percentage than that of the kaolin-glass fiber composite.
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Figure 10. Flexural yield strength (a), maximum strengths of the bending (b) and Young’s moduli from bending (c).

The PH specimen (24.36 MPa) presents the highest results. to resist bending
while maintaining its stiffness (Figure 10(c)). In contrast, the PD specimen (15.70
* 3.04 MPa) displays the lowest Young’s modulus, indicating a lower ability to

resist deformation under bending, while also showing reduced stiffness. The PC
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(21.15 £ 1.41 MPa), PG (23.79 + 4.05 MPa), PF (20.97 + 1.24 MPa), PA (19.66 £
0.08 MPa), and PI (19.16 + 0.57 MPa) specimens exhibit almos similar perfor-
mance in terms of Young’s modulus, with intermediate values indicating good
bending resistance and a certain level of stiffness. Finally, the PJ (17.63 + 2.11
MPa), PB (18.15 + 1.59 MPa), and PE (16.79 + 2.95 MPa) specimens fall within a
slightly lower range of Young’s modulus compared to the previous specimens,
meaning they offer slightly lower resistance and stiffness compared to the other
specimens overall. We can say at the end of this analysis that the PH specimen
(24.36 * 4.62 MPa) presents the highest Young’s modulus among all the speci-
mens tested. The technical standard [38] EN 312 sets a minimum bending
strength value of 11 N/mm? [39]. Studies carried out on date palms used for the
production of wood panels and MDF report a bending stress on three wood spe-
cies, namely: white wood (61.61 MPa); Dakar palm wood (13.73 MPa); and Ghers
palm wood (13.75 MPa) [40]. In view of these results, a comparative analysis high-
lights a superior strength in favor of wood-kaolin composite materials, which ex-
hibit a bending strength ranging between 19.16 MPa and 24.36 MPa. These results
are consistent with the studies of [41]-[43].

Standard deviation analysis reveals significant structural disparity among the
ten tested wood composite samples, highlighting variations in uniformity during
flexural testing according to standards such as ASTM D1037 for modulus of elas-
ticity (MOE) and maximum rupture strength (MOR). Samples PF (166.23 + 2.73
MPa) and PG (171.93 + 8.43 MPa) or PH (182.83 + 19.33 MPa, depending on
measurements) exhibit the lowest dispersions for the elastic limit (o _e), demon-
strating excellent mechanical repeatability and reliability, while PG and PH also
dominate in stiffness with a Young’s modulus (E) exceeding 23 MPa; conversely,
PJ (101.20 + 63.30 MPa) and PC (225.13 + 62.63 MPa for elastic limit o e, coeffi-
cient of variation CV = 28%) underscore instabilities due to production defects or
granulometric variability, with CV's often > 25%. Overall, PH emerges as the op-
timal candidate for structural applications, offering superior maximum strength
(269.47 £ 48.62 MPa), a robust Young’s modulus (E = 24.36 + 4.62 MPa), and

moderate stability.

3.1.7. Bending Test Results with Other Composite Materials

The flexural test comparison table (Table 6) presents 5 results from the different
components of the materials. The highest was obtained from Iroko wood compo-
site with epoxy matrix (53.21 - 80.25 MPa). The second is the fiber particleboard
made from collected anas, with a Young’s modulus of 11.7 MPa. The materials
with the lowest Young’s modulus are those of date palm/polystyrene particles
(0.12 - 0.76 MPa) and Gmelina wood (0.60 - 0.76 MPa).

Looking at all five materials presented in Table 6, it appears that the case study
in this work (wood-kaolin composite) shows higher values (PH: 24.36 + 4.62
MPa) than the other four materials, except for the Iroko Wood composite with
epoxy matrix. The results obtained are on average higher compared to those in

the literature. The produced composites have better bending strength and can be
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used in the construction and furniture industries. According to NF 312 standard,
the produced composite belongs to type P2 panels (panels for interior fittings,

including furniture, used in dry environments).

Table 6. Comparison of bending test results with other composite materials.

Composite Young Module (Mpa) Reference
PB 3.807 £0.85
P10 5.582 £0.91
P15 5.540 £ 1.30
Particle board containing plastic waste P20 5.429 + 1.06 [8]
U10 5.380 £ 0.60
U15 5.605 £ 0.60
U20 6.746 + 1.44
RS 2.1+0.7
RSL 8.0+1.2
Fiberboard panels from collected shives [44]
ES 11.7+ 0.8
HS 103+ 1.7
Date palm particles/polystyrene (PS) 0.1240.76
Wood of Gmelina/PS 0.60 - 2.26 [2]
Iroko wood composite with epoxy matrix 53.21 - 80.25
PA 19.66 = 0.08
PB 18.15+1.59
PC 21.15+1.41
PD 15.70 £ 3.04
Kaolin Wood composite o 10795295 This
PF 2098 + 1.24 study
PG 23.79 £4.05
PH 24.36 +4.62
PI 19.17 £ 0.57
PJ 17.63 + 2.11

3.1.8. Curved Bending Stress-Strain Test

Figure 11 and Figure 12 below show the force-displacement stress curves ob-
tained during three-point bending tests depending on the mixture percentage of
the test plan (wood, clay, glue, water).

The analysis of the best results obtained among the 30 samples tested in the
three-point bending test, as shown in the images above, highlights the following
points: Yield strength (Figure 11): The PC specimens showed a yield strength of
225.13 MPa. This result represents the maximum stress that these samples can

withstand before undergoing permanent plastic deformation. Such a value sug-
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gests a good ability to resist elastic deformations under load. However, maximum
bending strength (Figure 11): The PH specimens exhibited a maximum bending
strength of 269.46 MPa. This value indicates the maximum load these samples can
withstand before fracturing or breaking, demonstrating excellent bending re-
sistance. Furthermore, this leads to the Young’s Modulus (Figure 11): The Young’s
moduli of the PG and PH specimens are 23.79 MPa and 24.36 MPa, respectively.
It measures the stiffness of the material. These values show that the PH specimens
are slightly stiffer than the PG specimens, indicating their ability to deform elas-
tically under applied stress. In conclusion, among the tested samples, the most
notable results are: the PC specimens (Figure 11) for the highest yield strength at
225.13 MPa, and the PH specimens (Figure 11) for the highest flexural strength
at 269.46 MPa, similar to [43] [44], and for the highest Young’s modulus at 24.36
MPa. These results suggest that the PH specimens stand out particularly for their
combination of stiffness and high flexural strength, while the PC specimens are
distinguished by their higher yield strength among the samples studied. All this is

due to a kaolin proportion roughly equal to that of the wood sawdust.
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Figure 12. Constraints of the 30 stress curves deformation in bending.

3.2. Characterization of the Composite

Figure 13 presents the XRD, SEM, and EDX results of the composite. The EDX
(Figure 13(a)) microanalysis of the wood-kaolin composite shows an elemental
composition dominated by the clay matrix with contributions from the wood fi-
bers. This composite indicates a strong presence of oxygen, silicon, aluminum,
and carbon, reflecting the silicates of the clay and the organic compounds of the
wood [45]-[47]. Iron, calcium, and titanium appear as trace elements from natural
impurities [48]. The EDX spectra commonly identify in the wood-clay composite:
Carbon (C) 31.4%, high due to the wood fibers [45] [46], and Oxygen (O) 38.5%
as major components of the structure. Silicon (Si) 16.7% as components of the
silica-alumina structure of the clay. Aluminum (Al) 9.9% from the aluminosili-
cates of the clay [48] [49]. Iron (Fe) 1.6%, Titanium (Ti) 1.1%, and Calcium (Ca)
0.7% as minor elements from soil or wood minerals [45] [48].

The in-depth analysis of the spectra allows us to draw conclusions that the mod-
erate peaks of Si and Al confirm the persistence of kaolinitic or smectitic phases.
The significant carbon signal, on the other hand, attests to the homogeneous in-
tegration of wood fibers within the structure. An O/Si atomic ratio greater than 2
suggests the presence of hydrated silicates. Furthermore, the low Ca content
(0.7%) indicates a limited presence of carbonates [47] [50] [51]. A notable disap-
pearance of potassium (K), initially present in raw kaolin, is observed, while tita-
nium (Ti) remains detectable in the final composite. This modification may reflect
the physicochemical interactions that occurred during the preparation of the mix-
ture.

The microstructure of the wood sawdust-kaolin composite reveals a homoge-
neous matrix, free of excess woody fibers or prominent voids, indicating excellent
dispersion and optimal interfacial affinity [45]-[47] The observed surface exhibits

a compact texture, characterized by diffuse porosity composed of fine inter-fiber
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pores. This structure is favored by the fine particle size of the sawdust (less than
0.3 mm) [46] [47]. Furthermore, the absence of interfacial porosity between the
wood and kaolin confirms strong adhesion as well as a perfectly isotropic distri-
bution of the phases [45] [47].

However, the XRD spectrum of the composite was also carried out to identify
the mineral phases formed by the interaction between the kaolin and wood. Fig-
ure 13(c) shows that the composite retains the characteristic peaks of the starting
clay with a predominantly amorphous structure, consisting of small peaks corre-
sponding to kaolinite and quartz. The disappearance of the peaks located at 14.9°
is attributed to the crystallographic plane (110) and the peak at 22.26° to the crys-
tallographic plane (200) of cellulose, which can be attributed to the presence of an
excessive amount of kaolin, exceeding the quantity necessary to capture the avail-
able cellulose [52].
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Figure 13. XRD (a); MEB (b); EDX (c) and FTIR (d) of composite after formulation.

The adjacent figure (Figure 13(d)) shows the characteristic FTIR bands of the
composite obtained after formulation. Three bands are observed between 4000 -
3500 cm™, which are attributable to the OH stretching vibration peaks of kaolinite
[53]. The bands at 1029 and 1003 cm™ correspond respectively to (Si-O-Si) and
Si-O bonds [54]; vibrations in the plane at 911 cm™ are attributed to the Al-OH
deformation vibration. Other bands at 691cm™ were attributed to Si-O-Si defor-
mation, and the one at 533 cm™! to Si-O-Al deformation in kaolinite [55]. These
bands are identical to those identified in the starting kaolin, which shows that the

composite formulation did not completely modify the characteristic bands of ka-

DOI: 10.4236/jmmce.2026.143007

102 J. Minerals and Materials Characterization and Engineering


https://doi.org/10.4236/jmmce.2026.143007

A. H. N. Fonkwa et al.

olinite. However, no band corresponding to the valence vibrations of the C-O and
C-O-C bonds of cellulose and the methoxyl groups of lignin, characteristic of the
addition of wood in the composite, is observed. This weak, undetectable band of
ayous sawdust in the composite can be explained by chemical degradation during
drying and spectral overlap. This result is consistent with those observed in the

XRD analysis of the composite.

4. Conclusion

The insufficient processing of wood waste (30% to 36%) in Cameroon prompted
us to work on the production of composite panels using sawdust residues from
Ayous wood (Triplochiton chleroxylon) from a sawmill in Bondje, located in East-
ern Cameroon in the Yokadouma district of the Boumba and Ngoko department;
with a sieve size between (0.31 - 0.35 um), the results were therefore appreciable.
The clay matrix was collected in Mbalmayo near the Nyong River in the Nyong-
et-So’o department of the Central region of Cameroon. This innovative mixing of
renewable and mineral raw materials generates interest in meeting sustainability
requirements. Furthermore, it is with this in mind that this study proposes an in-
depth analysis of the production and characterization of the physicochemical
properties and mechanics of this unique composite. After the test panels were
completed, the surface morphology and elemental composition of the materials
were analyzed by scanning electron microscopy (SEM), followed by mechanical
characterization through a bending test in accordance with the EN 310 standard.
The results obtained were compared with certain literature values, including the
breaking stress (MPa) and Young’s modulus (MPa), which allowed the determi-
nation of its application domain as type 02; to be used in dry environments and a
humid area as indicated by the EN 312 standard. The results obtained during this
work open up inventive prospects for the use of this interesting composite mate-
rial in various industrial applications, while also leaving room for improvements

to optimize their mechanical performance.
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