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Abstract: A bio-based polymeric matrix was developed by the copolymerization of a vegetable
oil-based epoxy, epoxidized linseed oil (ELO), with dodecenyl succinic anhydride (DDSA). To obtain
eco-friendly bio-composites, this matrix was combined with a natural filler: spruce bark powder (SB)
with its hydrochar (HC) in various proportions ranged from 1 to 30 wt.%. The reactivities of these
formulations were studied by DSC analysis that highlighted that both fillers have a high catalytic
effect on the ELO–DDSA crosslinking reaction. The complementary studies by TGA, DMA, tensile
tests, water absorption and Shore tests had shown that both HC and SB bring improvements to
the mechanical properties of the composites, fulfilling multiple roles: (i) Both act as co-reactants
in the copolymerization mechanism; (ii) HC acts as reinforcement, consolidating the network and
providing stiffness and rigidity; and (iii) SB acts as plasticizer for reducing the brittle character of the
epoxy resins.

Keywords: vegetable oil; hydrothermal carbon; bio-composite; sustainable materials

1. Introduction

Polymeric materials have become increasingly attractive to a growing number of
industrial sectors due to their unique properties, such as low weight, low or relatively
low cost, easy processing and high flexibility to adapt the desired properties through a
wide range of molecular changes [1]. Thermosetting polymers are highly crosslinked tridi-
mensional structures that constitute about 20% of global plastic production, being widely
used in engineering fields [2,3]. One of the most versatile classes of thermoset materials is
represented by epoxy resins, which are widely used as adhesives for electronic components
and circuits, semiconductor capsules, coatings, adhesives, structural materials in civil
infrastructure, materials in the automotive and aerospace industries, composites, etc. [3–5].
This intensive use of epoxydic materials is due to their numerous qualities such as high
chemical and mechanical strength, high thermal stability, high stiffness, good creep resis-
tance, low shrinkage and good processability and compatibility with other polymers [2–6].
The majority of epoxy resins are based on bisphenol A (BPA) as their main compound,
which has recently begun to be restricted due to its carcinogenic, mutagenic and reprotoxic
(CMR) nature [7,8]. Therefore, to avoid the use of BPA and also to find alternatives to
petrochemical resources creating problems of limited availability and volatile costs, aca-
demic and industrial studies on the development of new environmentally friendly epoxy
materials from cheap, non-toxic, natural and renewable raw materials have intensified.

A renewable alternative for fossil derivatives is represented by vegetable oils. These
are triglycerides which, due to their numerous reactive groups (double bonds, ester
groups, etc.), can be easily chemically modified by numerous pathways (e.g., epoxidation)
to develop new functionalities [9]. One of the main vegetable oils used in the develop-
ment of thermosets is epoxidized linseed oil (ELO) [10]. Various academic studies have
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been dedicated to develop thermoset resins based on ELO, with properties comparable
to commercial ones [11–16]. Epoxidized linseed oil was also investigated as a potential
matrix for the development of composites reinforced with fibres [17] or filled with micro-
or nanoparticles [18,19].

The wood-based biomass is the major source of lignocellulosic fibres, intensely used
for the production of pulp and paper, wood pellets and coal, but these industries also
produce large amounts of residues such as, for example, the bark. Bark is the external layer
of trees covering the stem, branches and roots, and it represents approximately 10% of the
stem volume [20]. After peeling, a large amount of bark waste is produced, of which only
a limited amount is used for bioenergy production or soil modification, while most of it is
left to rot in the forest or burned to recuperate energy, losing an important source of ligno-
cellulosic fibres [21]. Although there is a wide range of potential uses for this by-product,
very few studies have been conducted on the valorisation of this industrial waste [22,23].
Another feasible valorisation method for this industrial by-product is by converting it,
using different thermal methods, into interesting carbonaceous fillers that could replace
the carbon nanotubes and graphene fibres [24–26]. These carbonaceous products, also
called hydrochar or biochar, can be obtained through different thermochemical processes
such as pyrolysis, gasification or hydrothermal carbonization [27,28]. The hydrothermal
carbonization (HTC) process is considered to be the main process in the field of biomass
use due to several advantages, such as being a cheap, environmentally friendly, non-toxic,
green and easily applicable process [29]. Compared to other carbonization methods (incin-
eration, pyrolysis and gasification), the HTC process can be operated at low temperatures
ranged between 180 and 350 ◦C [30]. This process has also the advantage of allowing the
use of wet biomass, as obtained from the technological scheme, without needing to apply a
pre-drying step. The hydrochar obtained by this procedure is a carbon-rich product that
has a wide range of uses, such as solid fuels, water treatment, soil amendment, bioenergy
production and storage or biomedical field applications, but very few works refer to its use
as reinforcing fibres in the development of epoxy polymeric composites [30–32].

The present work has as its principal objective the development of green and environ-
mentally friendly composite materials that have in their composition a high percentage
of bio-based, renewable and waste compounds as raw materials. Firstly, the bio-based
epoxy matrix was developed starting from a commercially available vegetable oil, namely
epoxidized linseed oil (ELO). Then, the designed epoxy-resin was loaded with different
percentages (1–30 wt.%) of natural fillers: spruce bark powder (SB) or its hydrochar (HC)
obtained by HTC treatment. The influence of the nature of the filler as well as of its ratios
on the matrix’s crosslinking were investigated by differential scanning calorimetry (DSC).
After establishing the curing protocol, the SB- and HC-based materials were elaborated,
and their physico-chemical and thermo-mechanical properties were carefully investigated
by TGA, DMA, tensile tests, Shore tests and water absorption tests. The morphological
characteristics and the compatibility and homogeneity between the filler and the matrix
were analysed by scanning electron microscopy (SEM).

2. Materials and Methods
2.1. Materials

The epoxidized linseed oil (ELO) was supplied by Valtris Specialty Chemicals. This
product appears as a yellow liquid with a viscosity of ~1200 Pa.s, a functionality of 5.5 epox-
ides per triglyceride and an average mass of 980 g·mol−1. To develop the resin-based matrix,
ELO was crosslinked with dodecenyl succinic anhydride (DDSA; 90%), with the reaction
being initiated by an equal mixture of N,N’-dimethylbenzylamine (BDMA; initiator) and
2,4,6-tris(dimethylaminomethyl)phenol (DMP-30; accelerator). This ELO-based resin was
used as the matrix for the composites’ production, in which various proportions of hy-
drochar (HC) and spruce bark (SB) powder were used as green and sustainable fillers.
Hydrochar (HC) was obtained from spruce bark powder by HTC process at 280 ◦C. HC ap-
pears as a brown powder with a particle size distribution of around 400 µm. The elemental
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analysis of the synthesized HC and raw SB was investigated by energy-dispersive X-ray
spectroscopy (EDX). The elemental content of HC is ~71.61% C, 21.11% O, 5.20% H, 1.44%
Ca, 0.38% Cu and 0.26% Zn, while that of the SB is 58.26% C, 33.15% O, 5.84%, H, 0.05%
Mg, 0.01% Al, 0.01% Si, 0.04% P, 0.05% S, 0.01% Cl, 0.33% K, 1.59% Ca, 0.02% Mn, 0.38%
Cu, 0.27% Zn.

2.2. Samples Elaboration

To prepare the polymeric matrix, a 1:1 stoichiometric ratio of the epoxy to the anhy-
dride groups was used. The copolymerization reactions were initiated by 2.5 wt.% BDMA
+2.5 wt.% DMP-30. For the composites’ preparation, various proportions (1, 5, 10, 15,
20 and 30 wt.%) of SB and HC fillers were used. Firstly, the required amount of ELO was
heated at 50 ◦C, and then the DDSA hardener was added and the mixture maintained on
the heating plate under continuous stirring. The proper amount of filler was then added,
the formulation being vigorously mixed. At the end, the mixtures were removed from
the heating plate and the BDMA/DMP-30 mixture was added. The obtained mixtures
were poured into silicon moulds and placed in an oven for curing and post-curing. In
the curing step, the formulations were heated at 130 ◦C for 1 h 30 and for another hour
at 160 ◦C. The post-curing reactions were done at 180 ◦C for 3 h. All the systems were
coded based on their composition. The epoxy matrix was abbreviated with “EDI”, the
letter “E” being attributed to ELO, “D” to the anhydride and “I” for the equal mixture
between BDMA and DMP-30. The natural fillers are denoted “HC” for hydrochar and “SB”
for the spruce bark powder. The mass ratios of the component parts appear also in their
name. For example, system “EDI80_HC20” is composed of 80 wt.% epoxy matrix (EDI)
and 20 wt.% hydrochar (HC).

2.3. Experimental Section
2.3.1. Differential Scanning Calorimetry (DSC)

To establish the optimal crosslinking parameters and also to study the influence of filler
on the thermal behaviour of the formulations, fresh samples (5–10 mg) were placed in 40 µL
Al pans and tested using a DSC 3 Mettler Toledo instrument. All tests were performed
under dynamic scan from 25 ◦C to 300 ◦C at 10 ◦C·min−1 heating rate. Parameters such
as reaction enthalpy (∆H), maximum temperature of the reaction (Tpeak) and interval of
the reaction (Tonset − Tend) were recorded. The glass transitions (Tg-DSC) of the crosslinked
samples were analysed by DSC applying two heating/cooling cycles from 25 ◦C to 200 ◦C
at 10 ◦C·min−1 rate, the values being considered as the infection point of the DSC curves
in the second heating scan.

2.3.2. Thermogravimetric Analysis (TGA)

Thermal stability of the bio-based resin and composites was studied in oxidative
atmosphere from 25 ◦C to 1000 ◦C (10 ◦C·min−1 heating rate) using a TGA 2 Mettler Toledo
apparatus operated by STARe Software. The degradation temperature was recorded as the
temperature at which materials lost 5% of their mass and was labelled with “T5%”.

2.3.3. Dynamic Mechanical Analysis (DMA)

DMA technique was used to investigate relevant dynamic mechanical parameters
such as storage moduli (E’), loss moduli (E”) and the damping factor (tan δ = E”/E’) of the
designed resin and composites. The viscoelastic behaviour was studied under nitrogen
atmosphere from −70 ◦C to 150 ◦C at a heating rate of 3 ◦C·min−1 using a DMA 1 Mettler
Toledo instrument. The samples were studied at an oscillatory frequency of 1.0 Hz and an
amplitude of 20 µm. DMA data were used also for the calculation of the crosslink density
of the systems and composites based on the following equation [33]:

υ =
E′

3RT
(1)



Appl. Sci. 2021, 11, 10649 4 of 17

where E’ is the storage modulus in the rubbery plateau at Tg + 90 ◦C (MPa), R is the
universal gas constant, and T is the absolute temperature (K). Following the Tobolsky [34]
relationship, the average molar mass between crosslinks of the epoxy-based resins was
calculated using the equation:

Mc =
3ρRT

E′
(2)

Mc =
ρ

ϑ
(3)

where ρ is the calculated density (g·cm−3) and E’ is the storage modulus in the rubbery
plateau (MPa) at 130 ◦C.

2.3.4. Shore Hardness Tests

A ZwickRoell Hardness tester equipped with a Shore D device was used to investigate
the fillers’ influence on the hardness of the final materials. Flat samples were subjected to
a load force of 50 N ± 0.5 N, and the hardness values were recorded at the firm contact
between the device presser foot and the sample. To reduce human error, five measurements
were recorded for each formulation and their average value calculated and given as the
hardness of the materials.

2.3.5. Tensile Testing

Mechanical properties such as Young’s modulus, tensile strength and elongation at
break of the bio-resin and composites were explored by a mechanical universal testing
machine Instron 34SC-5 operated by BlueHill software. Five samples for each formulation
with the dimensions of 75 × 10 × 4 mm [3] were tested, applying a crosshead speed of
10 mm·min−1, with the obtained values being averaged.

2.3.6. Water Absorption

Based on the ASTM D570 standard test method, rectangular samples of about
10 × 8 × 4 mm3 were dried in oven at 50 ◦C for 24 h, then cooled and weighed, obtaining
the initial mass “W0”. Then, the conditioned samples were immersed in deionized water at
23 ± 1 ◦C and maintained for 11 days. At each 24 h, samples were extracted from water,
wiped carefully with filter paper, weighed (Wd), and again immersed in the container with
water. The relative water absorption rate of the tested materials was determined using
the equation:

WA, % =
Wd −W0

W0
× 100 (4)

2.3.7. Scanning Electron Microscopy (SEM)

To study the samples’ surface morphology and the fibre–matrix interaction, SEM
analyses of the fractured surface were performed. Firstly, samples had been coated with
platinum and thereafter analysed using a SEM Tescan Vega 3 XMU device at an acceleration
voltage of 5 kV.

2.3.8. Energy-Dispersive X-ray Spectroscopy (EDX)

EDX analyses were performed with a Tescan Vega 3 XMU SEM equipped with an
X-MaxN 50 EDX detector at accelerating voltages of 20 kV. EDX data were processed with
the Aztec software (version 3.2, Oxford Instruments, Abingdon, UK).

3. Results and Discussions
3.1. Reactivity Studies by DSC Analyses

DSC analyses were performed on fresh mixtures to investigate the crosslinking reac-
tion and the influence of the fillers’ nature or ratio on reactions’ enthalpy and temperature
interval. In Figure 1 is represented the evolution of heat flow as a function of temperature
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for the neat ELO-based thermosetting resin and for its formulations with SB and HC fillers.
The obtained DSC data are tabulated in Table 1.
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Figure 1. DSC thermograms during dynamic heating at 10 ◦C·min−1 of the epoxy-based formulation with (a) HC and
(b) SB filler.

Table 1. DSC data obtained for the DSC curing of epoxy formulations with HC and SB.

Sample Tpeak (◦C)
(Tonset–Tend) (◦C) ∆H (J·g−1) Sample Tpeak (◦C)

(Tonset–Tend) (◦C) ∆H (J·g−1)

EDI 194 (106–281) 92 EDI 194 (106–281) 92

EDI99_HC1 210 (86–291) 256 EDI99_SB1 206 (105–290) 102

EDI95_HC5 210 (73–293) 353 EDI95_SB5 172 (105–285) 110

EDI90_HC10 205 (67–292) 377 EDI90_SB10 168 (75–275) 251

EDI85_HC15 186 (63–290) 407 EDI85_SB15 166 (61–250) 337

EDI80_HC20 184 (58–290) 546 EDI80_SB20 155 (59–237) 356

EDI70_HC30 168 (52–284) 608 EDI70_SB30 148 (50–218) 364

The epoxy–anhydride crosslinking process is displayed as a broad exothermic peak,
with its first peak at around 165 ◦C. These thermograms reveal the presence of complex
epoxy–anhydride reactions initiated by a tertiary amine [35,36]. The copolymerization
reaction of ELO–DDSA starts at around 106 ◦C, reaching the maximum reactivity at 194 ◦C
and finishing at around 280 ◦C. Based on the DSC thermograms from Figure 1a,b, it can
be seen that the addition of both SB and HC fillers greatly influences the shape of curing
reaction curves.

The reaction enthalpy of the systems was determined by integrating the area under
the exothermic peak and normalizing it to the mass of resin. According to the literature
studies [37,38], the Tpeak temperature obtained by DSC analyses is considered a criterion
for evaluating the reactivity of the systems; the lower the value of Tpeak, the higher the
reactivity. Figure 2 displays the evolution of the reaction enthalpy (∆H) and maximum
temperature of the reaction (Tpeak) of the systems as a function of the filler’s nature
and ratio.
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Figure 2. Evolution of the enthalpy of reaction (∆H; black line) and the maximum temperature of
reaction (Tpeak; red line) as a function of filler ratio.

From Figure 1 and Table 1, we can observe firstly that the formulations with the two
fillers, SB and HC, react following the EDI system behavior, i.e., with a complex multipeak
evolution of the heat flow. In contrast, we can observe that the fillers’ presence modifies
the reactions’ temperature intervals, enthalpy and the amplitude of the first peak at around
160 ◦C. With the increase of the amount of HC and SB, the curing reactions start at lower
temperatures. For example, if the crosslinking reaction of EDI formulation begins at about
106 ◦C, the addition of 30 wt.% natural filler decreases the reaction onset to 52 ◦C for the
EDI70_HC30 system and 50 ◦C for EDI70_SB30. The temperature at which the systems
reach a quasi-linear response and the ends of their reactions is not influenced by the
HC addition, but with the increase of the spruce bark amount, the Tend temperature is
significantly reduced to 218 ◦C for the formulation with 30 wt.% SB.

As can be seen in Figure 2, the maximum temperature of the reaction for the systems
with low amounts of HC (1, 5 and 10 wt.%) is shifted to higher temperatures (205–210 ◦C),
but with the increase of HC quantity at 15, 20 and 30 wt.%, a constant decreasing of Tpeak
and increasing of reactivity can be observed. For the formulations with spruce bark powder,
the maximum temperature of the reaction increased only for the mixture with 1 wt.% filler
(Tpeak = 206 ◦C), while for the other systems (from 5 to 30 wt.%), Tpeak was shifted to lower
temperatures, reaching up to 148 ◦C for the formulation with 30 wt.% SB.

Based on the DSC data listed in Table 1, the reaction enthalpy of ELO-based resin
is about 92 J·g−1, while the addition of only 1wt.% HC doubled the reactivity of the
system, reaching values of about 608 J·g−1 for the formulation with 30% by weight HC.
The addition of spruce bark powder also led to an increase in reactivity, but it was lower
compared to that of HC systems, with the enthalpy of reaction reaching 300 J·g−1 for the
mixture with 30 wt.% SB. This high increase in curing reaction enthalpy of ELO/DDSA in
the presence of HC and SB, corroborated with the decreased onset of temperature reactions,
shows a catalytic effect of both fillers, and moreover, perhaps a sign of their chemical
bonding may be due to the presence of several reactant particles that have the energy to
combine and increase reaction rates, such as the formation of new chemical bonds by the
interaction of residual –OH groups with the epoxy groups. The higher reaction enthalpy
of HC-filled systems compared to those containing SB can be explained probably by a
combined chemical and physical effect [39,40]. As we can observe from elemental analysis,
the HTC process was mild, with the elemental content of HC still being rich in oxygen
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(21.11%), and hydrogen (5.20%), a sign of the presence of oxygenated functional groups.
The reactivity of these functional groups present on HC is probably also higher than those
on SB due to the HC’s enlarged specific surface. This result is highlighted in Figure 2, where
we can clearly observe that the increase of the fillers’ content produces a high increase in
reactions’ enthalpy at the same time as the decreases of peak temperature and reaction
onset, as previously discussed.

Consequently, based on DSC analyses, it was found that both HC and SB substantially
influence the crosslinking parameters of the systems, confirming the chemical contribution
of the filler as a catalyst in the copolymerization process.

3.2. Thermogravimetric Analysis Results (TGA)

Graphical representations of the mass loss as a function of temperature for the de-
signed polymeric materials are illustrated in Figure 3. The thermal decompositions of the
raw SB and HC fillers were also investigated, with the corresponding TGA/DTG curves
being plotted in Figure 4.
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Figure 4. TGA and DTG curves for raw HC (black line) and raw SB (red line).

Generally, wood biomass is constituted mainly by hemicellulose, cellulose, lignin and
small percentages of other organic and inorganic extractives [41]. Based on the literature
study [42,43], softwood is composed of 18–38% cellulose, 15–33% hemicellulose and about
30-60% lignin. The TGA/DTG thermograms (Figure 4) of raw SB and HC present several
mass losses. The first mass loss observed for both raw SB and HC is presented from
35–40 ◦C to 120–140 ◦C and is attributed to the evaporation of the absorbed water. Thermal
treatment applied to obtain the HC particles influenced the mass loss at this stage, which is
only 1%, compared to the raw SB, which loses about 7%. TGA analyses (Figure 4) show
that the thermal stability of SB is divided into two distinct and complex stages, while in the
case of HC, this behaviour appears as a broad and complex degradation mechanism step.
According to the literature [44–46], the thermal behaviour of the lignocellulosic biomass
is characterized by a two-step process, the first one (200–370 ◦C) being attributed to the
depolymerization of hemicellulose and the breaking of glycosidic bonding of cellulose,
while the main thermal degradation stage (340–370 ◦C) is characteristic of the degradation
of α-cellulose. Due to its complex structure, the thermal degradation of lignin takes
place at a large range of temperatures (200–500 ◦C) interposing with that of cellulose and
hemicellulose. For the raw SB, the second degradation stage is ranged between 170 and
390 ◦C, with a mass loss of about 56%, while the cellulose and lignin degradation for
this natural filler appears as a double broad peak from 400 ◦C to 540 ◦C, having a mass
loss around 37%. Knowing that hemicelluloses are less thermally stable than cellulose
and lignin, starting their decomposition at about 160 ◦C [47], the thermal treatment at
280 ◦C applied for HC manufacturing led to the degradation and partial removal of the
hemicellulose. Therefore, the thermal decomposition of raw HC appears as a single broad
peak, ranged from 250 ◦C to 580 ◦C, with a mass loss of ~95%.

Studying the DTG curves (Figure 3b,d), it can be seen that the thermal decompositions
of the ELO-based resins and composites are divided into two major stages. Before the
main degradation step, a small mass loss of about 3–6% appears for all the systems in
the temperature interval of 140–260 ◦C, typical for the gradual evaporation of absorbed
water and the release of volatiles present in the materials’ compositions. The first major
degradation step shows up as a complex exothermic peak with a double peak shoulder. This
principal thermal step is ranged in the 260–500 ◦C temperature interval, with a maximum
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temperature of degradation at about 365 ◦C and a mass loss of ~75–90%, and is characteristic
of the thermolysis of network structure [48]. The thermo-oxidative degradations take
place in the last stage of decomposition, ranged from 500 to 700 ◦C with a maximum at
~540–590 ◦C, presenting a mass loss of about 7–22%. As can be seen, the thermal stability
of the developed materials is improved with the addition of filler; as the amount of HC or
SB increases, the mass loss in the first stage decreases and increases in the second, which
occurs at higher temperatures.

The thermal degradation was established by convention to be located at the tempera-
ture at which the sample lost 5% of its mass and was noted with “T5%”, with the obtained
values being tabulated in Table 2. EDI resin has a very good thermal stability, losing 5%
of its mass at temperatures above 280 ◦C. Analysing the systems with HC, it is observed
that the addition of filler slightly reduced the thermal stability of the materials, with T5%
being between 262–280 ◦C. In fact, in the case of the material filled with 5 wt.% HC, the
thermal stability was improved, being higher by about 10 ◦C than that of the neat epoxy
resin (T5% = 282 ◦C). Instead, the SB filler led to a gradual decrease in thermal stability
of the composites’ materials, reaching up to T5% = 192 ◦C in the case of formulation with
30 wt.% spruce bark particles, showing the contribution of the lignocellulosic component.

Table 2. Physico-chemical and thermo-mechanical properties of the samples.

Sample Density
(g/cm3)

Tg-DSC
(◦C)

T5%
(◦C)

Tan δ
(◦C)

Tan δ Peak
Height

E’ at 25 ◦C
(MPa)

E’ at 150 ◦C
(MPa)

υ
(mmol·cm−3)

Mc
(g/mol)

Hardness Test
(Shore D)

EDI 0.9456 45 282 42 0.63 242 11 0.93 930 63

EDI99_HC1 1.2627 43 274 24 0.61 58 11 1.14 1255 65

EDI95_HC5 1.1317 31 291 29 0.58 98 13 1.11 946 75

EDI90_HC10 1.1401 38 280 36 0.58 260 17 1.03 697 80

EDI85_HC15 1.1745 35 271 43 0.54 560 26 0.88 694 81

EDI80_HC20 1.1174 37 273 45 0.53 727 40 0.23 290 85

EDI70_HC30 1.0528 33 262 43 0.47 911 68 0.22 161 84

EDI99_SB1 1.2901 31 274 49 0.77 700 11 1.15 1123 64

EDI95_SB5 1.0331 31 263 47 0.89 790 11 1.10 938 75

EDI90_SB10 1.1288 30 261 42 0.91 850 10 1.02 1100 77

EDI85_SB15 1.1571 27 221 40 1.15 550 9 0.87 1330 84

EDI80_SB20 1.0284 25 218 37 1.22 330 2 0.24 4432 80

EDI70_SB30 1.0192 20 192 40 1.22 545 2 0.23 4464 84

3.3. Dynamical Mechanical Analysis (DMA)

The materials’ properties, such as the storage modulus (E’), loss modulus (E”) and
the damping factor (tan δ) of the ELO-based resin and composites, were studied by DMA
(Figure 5). From the thermomechanical data given in Table 2, we can see that both the
nature and the quantity of the filler influence the materials’ behaviour.

Considering the glassy region of the storage modulus, the addition of 1 and 5 wt.%
HC led to a substantial decrease of the E’ value, but starting with the material with
10 wt.% HC in its composition, the E’ modulus increases considerably with the hydrochar
amount. Therefore, when HC is in small quantities in the formulation composition, it fully
participates in the copolymerization process, generating new polymeric structures. As the
amount of hydrochar increases, the system becomes supersaturated, and the particles that
have not chemically interacted act as filler, giving rigidity to the material. In the case of
SB-based systems, the storage modulus in the glassy state increases significantly compared
to the resin, but its value is influenced by the filler amount. For the materials with 1–10 wt.%
SB, the E’ value is doubled and even tripled compared with the resin, and then it decreases
suddenly starting with the materials filled with 15 wt.% spruce bark powder. This decrease
may be due to the agglomeration of wood particles in the polymeric matrix, which may
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lead to a steric hindrance, blocking some sites from forming new chemical bonds. This
result corroborates the calculated crosslink densities (Table 2) that increase from 1 to 10%
of filler ratio, and thereafter, in both cases the values decrease. The storage modulus at
room temperature for the ELO-based matrix is about 242 MPa, while in the case of the
HTC-based system, the highest E’ value is reached by the formulation with 30 wt.% HC
(~911 MPa), and for the SB-based systems, the maximum is reached by the formulation
filled with 10 wt.% SB (~850 MPa).
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The storage modulus in the rubbery plateau of the designed polymeric systems was
also analysed. For HC-based materials, the addition of filler increased E’ in the rubber
region, improving the stiffness of the formulations, so HC has a reinforcement effect.
Instead, the addition of SB in the ELO-based matrix decreases the value of E’ in this region,
with the SB particles giving a plasticizing effect to the composite material.

The damping factor (tan δ) so-called also α relaxation (cooperative motions of main
chain) of the systems with HC and SB were investigated and are represented in Figure 6.
The maximum values of the tan δ peaks, which are associated with the macroscopic glass
transition (Tg), were recorded from DMA analysis, and the obtained data are collected in
Table 2. The tan δ of the EDI resin is ~42 ◦C, while the addition of 1 wt.% HC decreased the
tan δ to ~24 ◦C. By increasing the HC%, the tan δ values increase, and this became superior
to that of neat resin at >15 wt.% HC (tan δ = 43 ◦C), presenting the maximum value for the
system with 20 wt.% HC (tan δ = 45 ◦C). In contrast, the addition of SB has an opposite
effect on the tan δ values: the maximum value of the damping factor is reached for the
composite with 1 wt.% SB; thereafter, tan δ values gradually decrease with SB% increasing,
with the lowest value being ~37 ◦C for the formulation with 20 wt.% SB.

The hardness of the samples was studied by using the Shore hardness tests with a
Shore D device. The hardness value of the EDI resin is ~63 SD, a value indicating a medium
hard material. The addition of HC and SB produces an increase in the composites’ hardness,
with the composites showing values ranging between 65 and 85 SD for HC-based materials
and between 64 and 84 SD for SB-based materials.
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3.4. Tensile Tests

For a better characterization and for easier framing of an applicability area, the me-
chanical properties of the materials were analysed by tensile tests. The stiffness of the
materials, known as Young’s modulus, the tensile strength and the elongation at break for
all the systems were investigated, with the experimental data being shown in Figure 7 and
Table 3.
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Table 3. Tensile test data and brittleness values of the samples.

Young’s Modulus
(MPa)

Tensile Stress
(MPa)

Tensile Strain
(%)

B
(%·Pa/1010)

EDI 178.06 ± 40.69 10.33 ± 2.32 61.87 ± 6.65 0.06
EDI95_HC5 202.83 ± 28.55 13.91 ± 1.89 15.84 ± 2.33 0.64

EDI90_HC10 225.30 ± 22.77 12.13 ± 2.54 13.82 ± 1.82 0.28
EDI85_HC15 292.40 ± 87.17 9.20 ± 3.15 10.11 ± 5.93 0.18
EDI80_HC20 266.50 ± 13.86 8.66 ± 2.85 10.89 ± 0.44 0.16

EDI95_SB5 232.12 ± 33.09 11.14 ± 1.95 19.70 ± 1.37 0.07
EDI90_SB10 223.88 ± 7.98 9.70 ± 2.62 20.74 ± 4.04 0.06
EDI85_SB15 231.35 ± 13.51 9.45 ± 3.06 21.20 ± 6.94 0.09
EDI80_SB20 237.94 ± 9.41 8.99 ± 2.76 22.98 ± 6.59 0.13



Appl. Sci. 2021, 11, 10649 12 of 17

The mechanical properties of the composites’ materials are influenced by various
factors, such as the manufacturing and processing parameters, the filler nature and content,
the polymeric matrix, the compatibility between the matrix and filler, etc. [49]. From
Figure 7, we can observe that the EDI resin has good mechanical properties, showing a
tensile stress value of about 10 MPa and a very high elongation at break of about 62%. With
the addition of the filler, an increase in the tensile stress values can be observed only up to
a certain load, such as for materials with 5 and 10 wt.% HC (~12–14 MPa) and for the ones
filled with 5 wt.% SB (~11MPa). For the systems filled with 15–20 wt.% HC and 10–20 wt.%
SB, the tensile stress properties slightly decreased, varying between 8.6 and 9.2 MPa for
HC-based samples and between 8.9 and 9.7 MPa for SB-based samples. The elongation at
break of the materials also decreased considerably with the increase of the filler amounts
(10–16% for HC systems; 20–23% for SB systems), thus giving rigidity to the samples.

The stiffness of the developed materials, also called Young’s modulus, is defined by the
relationship between stress and deformation in the regime of linear elasticity of a uniaxial
deformation, and the obtained values are tabulated in Table 3. Based on the obtained
data, it can be seen that the natural filler addition improved the Young’s modulus values.
For example, the stiffness value for the EDI resin is about 180 MPa, while the addition
of 15 wt.% HC led to an increase to the Young’s modulus value to about 300 MPa. The
addition of spruce bark powder also led to the improvement of the mechanical properties,
with 20 wt.% SB improving the stiffness of the final materials to about 270 MPa.

Based on the data obtained from tensile test an DMA analyses, the brittleness (B) of
the designed materials was also calculated using the equation:

B = 1/εbE′ (5)

where εb is the elongation at break obtained by tensile testing and E’ represents the storage
modulus value at 25 ◦C obtained by DMA. According to the literature studies [50–52], it
is known that the brittleness parameter is inversely proportional to the E’ modulus at a
frequency of 1.0 Hz, and the lower the value of the brittleness of the analysed materials,
the greater their dimensional stability.

Therefore, the addition of an optimal amount of HC or SB as fillers in the ELO-
based matrix leads to the improvement of the mechanical properties of the final materials,
increasing the Young’s modulus and tensile stress.

3.5. Water Absorption

The sorption characteristics were investigated by a gravimetric analysis according to
the standards provided by ASTM D570. The percentage of water absorbed by the designed
materials after 11 days of immersion at room temperature is represented graphically in
Figure 8. Based on the literature studies [53–58], it is known that the moisture absorption
of polymeric materials is influenced by numerous factors, the principal ones being the
presence of nanovoids and microcracks characteristic for epoxy resins and the presence
of hydroxyl or other polar groups in the chemical network. As can be seen in Figure 8,
the water retention of the neat EDI resin is very low, with the WA% being about 0.7% at
saturation level. If we analyse the water absorption depending on the nature of the filler, as
both HC and SB present hydroxyl groups along the chain, they will increase the affinity of
composites for water. Thereafter, in the case of untreated wood filler SB, the concentration
of polar groups is higher than that of HC, leading to higher water absorption.
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Figure 8. Water absorption of the ELO/HC and ELO/SB polymeric materials after 11 days of
immersion in deionized water at room temperature.

Investigating the water retention behaviour depending on the amount of filler, the
WA% gradually increases with the increase of the filler quantity. In addition to the presence
of polar groups that favour water absorption by hydrogen bonding, the manufacturing
protocol of the polymeric materials, as well as the presence of some chemically unbound
filler particles, can lead to the formation of microcracks that favour the penetration of water
through the network. In the case of both HC and SB composites, the maximum WA% at
saturation level is reached by the systems with 20 wt.% filler, being around 1.7% for HC
materials and 6.3% for SB materials. For the materials with 30 wt.% filler, a decrease of the
WA% can be observed, which may be due to the supra-saturation of the network.

In conclusion, the designed materials reveal a very good WA% at the saturation level,
ranged between 0.7 and 1.7% for the ELO/ HC composites and between 0.7% and 6.3% for
those with SB.

3.6. SEM

The surface morphology of the fractured samples was analysed by SEM, as presented
in Figure 9 for ELO/HC composites, while ELO/SB composites are displayed in Figure 10.
It can be seen that both HC and SB composites present a good inclusion of natural particles
in the polymeric matrix. The original fibre skeleton and honeycomb structure of the spruce
wood can be also observed (Figure 10d) [56].

The presence of the epoxy resin inside of the wood cells (Figure 10d,e) confirms a very
good compatibility and impregnation of the wood particles with the resin, which confers
a strong interfacial bonding between polymers reinforced by SB. As we can observe in
Figures 9 and 10, the surfaces of the HC and SB fibres are very well covered with resin, and
the total lack of voids at the resin–fibre interface denotes a very good compatibility between
the epoxy matrix and the HC and SB particles. Additionally, the EDI resin reveals a smooth
and homogeneous surface. The presence of microcracks on the materials’ surface may be
due to the manufacturing process or the method of sampling of the analysed samples.

Therefore, the HC and SB fillers present an excellent compatibility with the ELO-based
matrix, leaving the resin to penetrate inside the pores, creating physical and mechanical
bonding. The uniform and homogeneous distribution of the filler in the polymeric ma-
trix, as well as the good adhesion between the two compounds, led to the generation of
green composites.



Appl. Sci. 2021, 11, 10649 14 of 17Appl. Sci. 2021, 11, x FOR PEER REVIEW 14 of 17 
 

 
Figure 9. SEM micrograph of the ELO-based formulations filled with HC at (a) 100 µm, (b) and (c) 10 µm, (d) 2 µm, (e,f) 
1 µm. 

 
Figure 10. SEM micrograph of the ELO-based formulations filled with SB at (a) 100 µm, (b–d) 10 µm, (e) 2 µm, and (f) 1 
µm. 

The presence of the epoxy resin inside of the wood cells (Figure 10d,e) confirms a 
very good compatibility and impregnation of the wood particles with the resin, which 
confers a strong interfacial bonding between polymers reinforced by SB. As we can ob-
serve in Figures 9 and 10, the surfaces of the HC and SB fibres are very well covered with 
resin, and the total lack of voids at the resin–fibre interface denotes a very good compati-
bility between the epoxy matrix and the HC and SB particles. Additionally, the EDI resin 
reveals a smooth and homogeneous surface. The presence of microcracks on the materials’ 
surface may be due to the manufacturing process or the method of sampling of the ana-
lysed samples. 

Figure 9. SEM micrograph of the ELO-based formulations filled with HC at (a) 100 µm, (b) and (c) 10 µm, (d) 2 µm,
(e,f) 1 µm.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 14 of 17 
 

 
Figure 9. SEM micrograph of the ELO-based formulations filled with HC at (a) 100 µm, (b) and (c) 10 µm, (d) 2 µm, (e,f) 
1 µm. 

 
Figure 10. SEM micrograph of the ELO-based formulations filled with SB at (a) 100 µm, (b–d) 10 µm, (e) 2 µm, and (f) 1 
µm. 

The presence of the epoxy resin inside of the wood cells (Figure 10d,e) confirms a 
very good compatibility and impregnation of the wood particles with the resin, which 
confers a strong interfacial bonding between polymers reinforced by SB. As we can ob-
serve in Figures 9 and 10, the surfaces of the HC and SB fibres are very well covered with 
resin, and the total lack of voids at the resin–fibre interface denotes a very good compati-
bility between the epoxy matrix and the HC and SB particles. Additionally, the EDI resin 
reveals a smooth and homogeneous surface. The presence of microcracks on the materials’ 
surface may be due to the manufacturing process or the method of sampling of the ana-
lysed samples. 

Figure 10. SEM micrograph of the ELO-based formulations filled with SB at (a) 100 µm, (b–d) 10 µm, (e) 2 µm, and (f) 1 µm.

4. Conclusions

Bio-based eco-friendly composites were designed and elaborated by combining a
vegetable oil-based epoxide, ELO, with spruce bark wood, SB, and its hydrochar, HC, in
the presence of DDSA anhydride as a hardener. The reactivity of formulations containing
from 0 to 30% HC and SB fillers was studied with the help of DSC, with the results showing
a high catalytic effect of both fillers on the ELO crosslinking reaction. Indeed, the enthalpy
of reaction is 6.6 times higher for the formulation with 30% HC compared with that of the
neat resin (i.e., 608 vs. 92 J·g−1) and almost four times higher in the case of formulation
with 30% SB (364 vs. 92 J·g−1). The onset of the reactions’ temperatures had also been
influenced, being decreased for the both HC and SB systems. These results are a clear sign
that both HC and SB contribute to the chemical mechanism of ELO crosslinking. Not only
were the chemical reactivities influenced by the two fillers, but also the final properties of
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the produced composites. The storage modulus in the rubbery plateau increases with HC%
in composites, a sign of a reinforcement of the material’s stiffness.

Based on the Shore hardness test, the inclusion of both SB and HC in the epoxy-based
matrix improved the hardness of the materials from 63 SD (neat resin) to 84–85 SD for
the composites with 30 wt.% filler. By tensile test, an improvement of the mechanical
properties was also observed, with the Young’s modulus increasing from 180 MPa (neat
resin) to 300 MPa for the sample with 15 wt.% HC and 270 MPa for the one with 20 wt.%
SB. The influence of the natural fillers on the water absorption behaviour at the saturation
level (after 11 days of immersion) was also investigated, revealing a low water retention
with values ranged between 0.7 and 1.7% for HC materials and between 0.7 and 6.3% for
SB composites. Depending on this parameter, the materials with HC and low SB quantity
can be easily used in outdoor applications, while materials with higher concentrations of
SB that have a slightly higher WA% can be intended for indoor use. SEM analysis revealed
a very good interaction between the matrix and fibres and also a good distribution and
homogeneity of the particles in the system.
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