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Abstract: Titica vine (Heteropsis flexuosa) is a typical plant of the Amazon region commonly used
for making baskets, bags, brooms and furniture, owing to its stiff fibers. In spite of its interesting
properties, there is so far no reported information regarding the use of titica vine fibers (TVFs) in
engineering composite materials. In this work, the TVF and its epoxy composites were for the
first time physically, thermally and mechanically characterized. Additionally, the effect of two
kinds of chemical treatments, one with sodium carbonate and one with calcium lignosulfonate,
as well as different volume fractions, 10, 20, 30 and 40 vol%, of TVF-reinforced composites were
assessed for corresponding basic properties. The thermogravimetric results of the composites reveal
enhanced thermal stability for higher TVF content. In addition, the composite incorporated with
40 vol% of TVFs treated with sodium carbonate absorbed 19% more water than the composites with
untreated fibers. By contrast, the calcium lignosulfonate treatment decreased water absorption by
8%. The Charpy and Izod impact tests showed that the composites, incorporated with the highest
investigated volume fraction (40 vol%) of TVF, significantly increased the absorbed energy by 18%
and 28%, respectively, compared to neat epoxy. ANOVA and Tukey statistical analyses displayed
no direct influence of the chemical treatments on the energy absorption of the composites for either
impact tests. SEM images revealed the main fracture mechanisms responsible for the performance of
TVF composites.

Keywords: titica vine fiber; epoxy composite; natural fiber; chemical treatment; mechanical properties

1. Introduction

In recent years, factors such as increasing environmental awareness, new regulations
and unsustainable petroleum consumption have driven the promotion of natural materials
as substitutes for synthetic ones [1,2]. In this context, the incorporation of natural lignocel-
lulosic fibers (NLFs) into polymeric matrices gained a recognized prominence in the area
of composite materials, whether in research works [3-5] or industrial applications [6-9].
Much of this interest is related to the NLFs’ recyclability, biodegradability, low-density
and cost-benefit characteristics [8,10-12]. In addition, their relevant properties are able to
combine with those of polymer matrices and produce reinforced composites that exhibit
relatively higher physical and mechanical strength.
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In spite of many advantages, NLFs have some limitations. One of them is related
to their thermal degradation. In fact, decomposition of the main components of natural
fibers (cellulose, lignin and hemicellulose) starts at relatively low temperatures, around
200 °C, this being the main limiting factor for the processing and application of NLF-
reinforced composites [13,14]. Another drawback is associated with NLFs” hydrophilic
nature, which contrasts with the hydrophobic character of most polymeric matrices. A
strong fiber /matrix interfacial bond is responsible for better adhesion between phases and
therefore plays a predominant role in the characterization of the mechanical properties of
composites [15-18]. To overcome the problems of affinity in the interface zone, the surface
of NLF can be modified through physical treatments, such as electric discharge and thermal
exposure, as well as chemical treatments associated with alkaline, acetylation, peroxide
and silane surface modifications [5,17-20].

Although alkaline treatment with NaOH is well consolidated and has shown good
results [21-24], factors such as concentration and exposure time may have a negative
influence if not properly dosed [25,26]. In addition, it is interesting to look for treatments
involving reagents from renewable sources. Sodium carbonate (Nap,COj3) is an easy-to-
purchase, low-cost and less dangerous product as compared to NaOH, and still has lower
degradation behavior towards the fibers [27]. Calcium lignosulfonate (CaLS), on the other
hand, is a derivative of lignin obtained from the pulping process of sulphite [28,29]. The
objective of the treatment with CaLS was to combine the polar and non-polar groups
common not only to NLF and polymer resin but also to the lignosulfonate itself, allowing a
greater compatibility between the matrix and the reinforcement, and consequently better
adhesion at the interface.

The titica vine fiber (TVF), extracted from the plant botanically called Heteropsis
flexuosa, is a relatively unknown NLF. Figure 1a illustrates the collected titica vine root
from the Amazon forest together with simple baskets made of TVFs in Figure 1b,c, as
well as the scanning electron microscopy (SEM) details of a TVF surface in Figure 1d,e.
Peoples of the South American rainforest use TVFs to fabricate handicrafts, baskets and
furniture [30]. However, unlike the more common and recently exploited Amazon fibers
such as curaua [31], buriti [32], mallow [33], guaruman [34] and others, there are no reports
in the literature about TVF’s properties as a reinforcing agent in composite materials. In
the present study, TVFs were modified using two reagents: Nay,COj3 and CaLS, for better
adherence to epoxy matrix composites.

Therefore, this work, for the first time, investigates the physical and mechanical
behavior of epoxy composites incorporated with TVFs both untreated and treated by
modification with Na,CO3 and CaLS. Water absorption, thermal analysis and Izod and
Charpy impact tests were performed, as well as scanning electron microscopy on the
fracture surface.
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Figure 1. (a) Titica vine root taken from the Amazon Forest; (b,c) baskets made from titica vine fiber
(TVE); (d) SEM image of longitudinal section of the TVF indicating voids and pores; (e) SEM image
of cross-section of the TVF indicating regions of the lumen.

2. Materials and Methods
2.1. Materials

As illustrated in Figure 2, the titica vine roots were acquired in a local market in the
city of Boa Vista, state of Roraima, north of Brazil. Splints were mechanically cut from each
root and immersed in water for 24 h to facilitate the extraction of the fibers, as shown in
Figure 2a. Titica vine fibers (TVFs) were manually extracted from each splint with a blade,
as shown in Figure 2b.

Figure 2. Extraction process of TVFs: (a) roots in water-immersed splints; (b) manual extraction of
the fibers.

The fibers were subjected to treatments with NayCOj3; (>99% purity) supplied by
Quimisul (Santa Catarina, Brazil) and CaLS (>99% purity) from Auro’s Quimica (Sao
Paulo, Brazil). The fibers were initially washed at 70 °C with water, followed by washing
with 99.3% ethylic alcohol (Prolink quimica, Sao Paulo, Brazil) and acetone P.A (95:5 v/v)
from BHerzog (Rio de Janeiro, Brazil), and then were heating for 1 h at 70 °C. The treatment
with Na,COj3 was based on the work of Santos et al. [27]. A total of 16.7 wt% of TVFs
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were immersed in 10 wt% NapCOj3 solution (200 g TVFs per 1000 mL Nap,COj3 solution),
with a pH of about 12 per 24 h at room temperature (RT). Subsequently, the fiber samples
were washed in running water for 20 min and dried in a stove at 60 °C for 24 h following
similar procedure elsewhere [27]. Another portion of the same percentage of fibers, as in
the previous treatment, was soaked in 5 wt% CaLS solution and subjected to a temperature
of 70 °C and magnetic agitation. After this period, they were removed and dried again in
the oven, as described elsewhere [35].

The possible effect of these treatments in terms of the percent of TVF that is func-
tionalized by Na,CO3 and CaLS could in principle be investigated by techniques such
as X-ray photoelectron spectroscopy (XPS) or fluorescence (XRF). Although not a main
objective of the present work, preliminary XRF results conducted in a model Epsilon 3-XLE
PANalytical spectrometer (PANalytical, Malvern, Worcestershire, UK) suggest that only
~10% of the TVF might have been functionalized by the Na;COj3, while around 80% was
functionalized by CaLS. More reliable results are expected to be obtained by XPS in our
ongoing research work.

A commercial epoxy resin, diglycidyl ether of bisphenol A (DGEBA)-type, hardened
with triethylenetetramine (TETA), associated with a stoichiometric ratio of 13 parts hardener
to 100 parts of resin, was used as the polymeric matrix. Both resin and hardener were
supplied by Epoxy Fiber, Rio de Janeiro, Brazil. Among the polymers, epoxy is one
of the most commonly used matrices in composites incorporated with NLFs. Indeed,
epoxy displays a relatively high mechanical strength, up to 90 MPa, and a stiffness of
2.5 GPa. Recent works on nanocomposites and composites reported epoxy as an effective
matrix [36,37].

In this first preliminary work on the characterization and properties of TVF composites,
the matrix was selected as the same DGEBA /TETA epoxy, which has been successfully
considered for other Amazon native NLFs [38-41].

2.2. Composites Processing

The continuous and aligned TVFs with 150 mm in length were accommodated, along
with the bigger dimension, inside a steel mold measured at 150 x 120 x 11.9 mm. The epoxy
resin-hardener mixture was poured into the mold in a previously calculated fiber/resin
ratio. For these calculations, the fiber was measured by the geometric linear density
method, which consists of weighing about 100 fibers and measuring their length and
diameter through an optical microscope. Due to the irregular-shaped cross-section of TVE,
measurements were taken in 5 equally spaced different positions along the fiber length and
repeated after a 90° rotation of the fiber [42]. The fiber density of 0.50 g/cm? was obtained
by dividing the weight by its calculated volume. The fiber was considered with an almost
circular cross-section [43], and the volume was calculated by:

Vi=-" 1)

where d is the equivalent diameter measured, as described elsewhere [42]. The DGEBA /TETA
epoxy resin density value of 1.11 g/cm® was taken from the literature [44]. Samples were
produced with 10, 20, 30 and 40 vol% fibers. Finally, after closing the mold, it was keptin a
hydraulic press under pressure of 5 tons for 24 h to aid the curing process. After demolding,
the composite plate was post-cured for a week at RT.

2.3. Thermogravimetric Analysis (TGA)

TG and DTG curves of epoxy and composites were performed on a Shimadzu machine
(Tokyo, Japan). Each sample was crushed and allocated into a platinum crucible. The
TGA was carried out under a nitrogen atmosphere with a heating rate of 10 °C/min in a
temperature range of 25 to 700 °C. The TG/DTG analysis followed the ASTM E1131 [45].
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2.4. Differential Scanning Calorimetry (DSC)

DSC tests were performed on a Shimadzu DSC-60 (Tokyo, Japan) calorimeter under
nitrogen atmosphere with a heating rate of 10 °C/min and a temperature range of 25 to
400 °C for all samples.

2.5. Water Absorption

The TVF composites were subjected to the water absorption test according to ASTM
D570-98 [46]. Equation (1) indicates the results of the water absorption test (%WA) by
weight difference:

W final — Winitial

%WA = @)

Winitial
Based on Fick’s law, the behavior of diffusion kinetics was investigated. In polymeric
materials, diffusion behavior can be classified in 3 cases, as described in previous stud-
ies [47-49]. In general, this classification discusses the relative mobility of the penetrant
and polymer segments. These classes can be distinguished by adjusting the experimental
values using the equation:

log M£; = log (k) — nlog(t) (©)]

where M; is the moisture content at time t; M is the moisture content at equilibrium; and
k and n are constant. The theoretical model foreseen by Fick’s law was used to analyze the
diffusion coefficient (D) in the following equation:

M 4 D 0.5
=i (2) @

where L is the thickness of the samples.

2.6. Charpy and Izod Impact Tests

The Charpy and Izod impact tests were performed according to ASTM D6110-18 and
ASTM D256-10, respectively [50,51]. The equipment used was a Pantec pendulum, model
XC-50 (Sao Paulo, Brazil), with Charpy and Izod configuration, operating with a 22 ] ham-
mer. For the Charpy tests, prismatic specimens with dimensions of 127 x 12.7 x 10 mm
were made with a 2.54-mm-deep notch. The tests were performed on a minimum of
9 samples for each volumetric fraction. For the Izod tests, prismatic specimens were made
in the dimensions of 62.5 x 12.7 x 10 mm with a 2.54-mm-deep notch. The tests were
carried out on a minimum of 12 samples for each volumetric fraction.

2.7. Statistical Validation

To statistically validate the level of reliability and significance of the Izod and Charpy
impact results, Weibull analysis and analysis of variance (ANOVA) were performed to-
gether with the Tukey test. The Weibull parameters  and 6 in the frequency distribution
function are related as:

£ = e[ (3)'] ®

These B and 0 parameters, along with R? accuracy, contribute to assess the level of
data precision. The ANOVA and the Tukey test are able to identify differences between
the average and standard deviation values of the absorbed impact energy, with a 95%
confidence level.

2.8. Scanning Electron Microscopy (SEM)

The fractured specimens after the Izod and Charpy impact tests were analyzed using
a Quanta FEG Fei Scanning Electron Microscope (FEI, Lausanne, Switzerland), operating
with secondary electrons at 15-20 kV. The composite samples were gold-sputtered before
SEM analysis.
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3. Results and Discussion
3.1. Thermogravimetric Analysis (TGA)

Through the TGA (TG and DTG curves) it was possible to observe the process of mass
loss as a function of the temperature for neat epoxy, untreated and treated fibers, as well
as the TVF composites. Figure 3 shows the TG/DTG curves of DGEBA /TETA epoxy and
untreated TVFs. In general, the corresponding thermograms had similar characteristics for
the different investigated materials.
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Figure 3. TG and DTG curves for (a) epoxy resin; (b) untreated TVFs.

Figure 3a shows three stages of mass loss in the TG curves. The first occurs up to
about 250 °C, with only a 1.99% loss of mass, which is probably associated with moisture
desorption present in the epoxy resin. The second stage begins around 311 °C, with a maxi-
mum loss at 356 °C extending to 451 °C. This mass loss represents about 67.38% and may
be associated with depolymerization and degradation of epoxy polymeric chains [52-54].
Finally, a third stage, with a mass loss of 12.04% up to 700 °C, is attributed to inorganic
residues of the final degradation of the resin. Similar events for epoxy resin were reported
by Junio et al. [52] and Silva et al. [54].

The TG curve for the TVE, as shown in Figure 3b, also consists of three stages, the
first from 29 to 200 °C referring to water release related with moisture absorbed on the
surface of a hydrophilic lignocellulosic structure, besides the evaporation of extractives
associated with a 8.96% mass loss. The fastest fiber decomposition event occurs in the
second stage between 258 and 417 °C, in association with the degradation of fiber structural
components such as hemicellulose, cellulose and lignin [55]. Degradation for the latter
occurs at a slower rate due to its complex structure [56].

The DTG curve in Figure 3b presents the thermal events more clearly. The 68 °C
peak could be related to moisture loss of TVF, while the 320.5 °C “shoulder” and 352.4 °C
peak are attributed to hemicellulose and cellulose decomposition, respectively [57]. At
higher temperatures, above 417.9 °C, events occur that may be interconnected with lignin
decomposition [58].

Figure 4 shows the TG and DTG curves obtained for treated fibers. In contrast to
untreated fiber, Figure 4a shows that the fiber treated with Nay,COj3 displayed greater
affinity for moisture absorption, a fact demonstrated by its greater mass loss (10.32%) in the
first stage. This same characteristic was reported by Santos et al. [27] and Fiore et al. [59]
when studying natural fibers treated with sodium carbonate and sodium bicarbonate,
respectively.
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Figure 4. (a) TG curves for treated and untreated TVFs; (b) DTG curves for treated and untreated TVFs.

The pronounced “shoulder” at 270 °C for CaLS-treated fiber in Figure 4b is possibly
related to hemicellulose decomposition. This same event was not observed in the fibers
treated with NapCOj3, demonstrating that the treatment was efficient in removing amounts
of this constituent. A DTG thermogram for CaLS-treated fibers shows a displacement
of the maximum cellulose decomposition rate peaks from 352.4 to 360.1 °C, indicating
an enhanced thermal stabilization. On the other hand, the alkaline treatment, for having
removed much of the hemicellulose, made the cellulose more unstable and therefore, it
decomposed with a higher rate at lower temperatures (318 °C). Between 400 and 580 °C
for CaLS-treated fibers, it is possible to visualize peaks for lignin and lignosulfonate
decomposition [35]. These peaks are not common for the fibers treated with Na,COs3,
indicating that there was a possible removal of amounts of lignin from the TVFs.

When observing TG/DTG curves for untreated TVF composites, it can be perceived
that materials tended to have greater thermal stability as more fibers were added, as shown
in Figure 5a,b. This can be seen by increasing the onset decomposition temperatures and
by displacing the peak of maximum decomposition of cellulose to higher temperatures.
At temperatures above 400 °C, it is possible to observe peaks that might be assigned both
to the degradation of polymeric chains, as well as to aromatic rings of lignin and CaLS5.
Figure 6 shows the TG/DTG curves for composites with 40 vol% treated TVFs.
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Figure 5. (a) TG curves for untreated TVF composites; (b) DTG curves for untreated TVF composites.
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Figure 6. (a) TG curves for composites with 40 vol% of treated fibers (b) DTG curves for composites with 40 vol% of
treated fibers.

The Figure 6 results show that NayCOs-treated 40 vol% TVF composite is less stable
than the others, starting its decomposition process at 268.8 °C. This fact is recurrent, since it
has already been observed in the TVF thermogram after treatment, as shown in Figure 4b.
The low properties evidenced for TVFs treated with Na,COj3 and their composites might
be associated with the non-transformation of cellulose I into cellulose II. The transition
from cellulose I to cellulose II depends on the interaction of two factors: NaOH concentra-
tion and treatment temperature [60]. This phenomenon plays a fundamental role in the
thermal property since cellulose II has more intermolecular hydrogen bonds than cellulose
I, favoring increased thermal stability [61]. Previous studies have reported a similar effect
on sisal [59] and coir [62] fibers treated at RT with NaHCO; and NaOH, respectively.
Additionally, Pinheiro et al. [63] and Barreto et al. [64] verified the improvement of thermal
stability after alkaline treatment on other NLFs due to the cellulose II formation.

Table 1 presents the main TGA parameters obtained for epoxy, untreated and treated
TVFs and the composites investigated. The beginning of thermal decomposition (Tonset)
for all materials was obtained by the tangent method.

Table 1. Thermogravimetric parameters for neat epoxy, untreated and treated titica vine fiber (TVF) and their composites.

Initial Temperature of Mass Loss at the
Mass Loss up to . . Mass Loss at
Sample 200 °C (%) Decomposition Maximum End of Second 700 °C (%)
Temperature (°C)  Decomposition Rate (°C) Stage (%)

Epoxy 1.99 3115 356.4 67.38 81.41
TVF untreated 8.96 258.7 352.4 63.16 98.58
TVF Na,CO3 10.32 249.8 318.5 54.11 91.79
TVEF CalS 9.73 257.0 360.1 56.24 87.78
10% untreated 1.95 289.1 3117 53.22 97.86
20% untreated 2.57 294.5 337.1 54.24 87.97
30% untreated 2.61 292.1 3225 51.12 94.19
40% untreated 2.83 296.3 3424 60.41 84.65
40% NayCO3 1.67 268.8 313.5 54.06 98.07
40% CaLS 2.11 293.7 347.3 60.33 82.67

The results in Table 1 indicate that the composites presented better thermal stability in
relation to isolated TVFs. The increase in the percentage of fibers led to an increase in the
working temperature of the composites, retarding the main weight loss of the composite,
as shown in Figure 5. However, these temperatures for all samples are slightly lower when
compared to neat epoxy. These results corroborate previous studies in which natural fibers
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were used as epoxy matrix reinforcement [65,66]. Based on these results, a thermal stability
limit of 296.3 °C can be established for untreated 40 vol% TVF composites and 268.8 °C for
NayCOs-treated 40 vol% TVF composites.

3.2. Differential Scanning Calorimetry (DSC)

Figure 7 shows the DSC curves for the investigated materials. In particular, Figure 7a
reveals an endothermic peak at 63.5 °C, which is associated with glass transition (Tg) and
a loss of moisture from the epoxy resin [66-69]. In addition, two exothermic events are
noticeable. The first occurs at 115.4 °C and is probably linked to the main resin curing
process. The second exothermic event occurs at 293.3 °C and can be attributed to cross
bonds such as homopolymerization and esterification of epoxy groups [70]. Finally, a last
endothermic peak appears at 343.7 °C, which characterizes the possible degradation and
rupture of the polymeric chains [70,71], corroborating the results of TG in Figure 3.

20 -
—— TVF untreated
1 (b) — TVF treated NazCO:
— TVF treated CalLS
16 ) :
3374°C
—~ . -~
o o
§ £ 124 3703°C
s
S E
- 84
3 3
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Temperature (°C)

Temperature (°C)

Figure 7. DSC curves for (a) neat epoxy resin; (b) untreated and treated TVFs.

The DSC curve for untreated and treated TVF, shown in Figure 7b, initially presents
endothermic peaks between 70-80 °C that refer to moisture loss and TVF Tg. The Tg
found for TVF in this work was very similar to natural fibers previously studied, such
as carnauba (107 °C) [52], caranan (64 °C) [66], PALF (75 °C) [72] and jute (61 °C) [73].
Although these events are slightly different from those approached by TG, they fall within
the same temperature range. The following events of thermal degradation, which begins
for all fiber samples around 205.6 °C and extends up to 370.3 °C for the untreated fiber,
are probably linked to the onset of decomposition of hemicellulose, cellulose and lignin,
which take more time to start their degradation. As the test occurred up to 400 °C, there
are no more events that could be related to the degradation of lignin and lignosulfonate
above this plateau. Figure 8 shows the DSC curves for composites made with TVF with
and without treatment.

Events are a combination of previously results seen for epoxy and isolated fibers, as
shown Figure 8. In addition, it can be is observed that the Ty of the composites, as well
as the moisture loss event, varied between 63-85 °C, as also presented in the TG curves
of Figure 6a. Around 115 °C is the probable start of the curing process of the polymeric
matrix. Exothermic and endothermic peaks are present between 290-350 °C; these are
probably related to epoxy group crosslinks, decomposition of the main fibers” constituents
and degradation of the polymer chains.
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Figure 8. DSC curves for untreated and treated TVF composites.

3.3. Water Absorption

Water absorption of neat epoxy and TVF-incorporated epoxy composites with both
untreated and treated fibers can be seen in Figure S1. It can be observed in this figure
that the absorption of water by the composites increases with the time of immersion and
the fiber content. This characteristic was already expected as the fibers are hydrophilic
materials [70].

The treatments performed in the fibers showed two distinct behaviors in the 40 vol%
samples. The fiber composites treated with Na,CO3 absorbed 19% more water than those
with untreated fibers. This is probably due to the fact that the alkaline treatment pro-
moted a cleaning on the fiber surface, making it more exposed to retain water. In addition,
porosity and microvoids present in samples from processing may have also contributed
to absorb water. On the other hand, treatment with CaLS reduced water absorption by
8% compared to untreated composites. This may indicate a slight improvement in the
fiber /matrix interfacial bond as well as the treatment efficiency in the stability and dura-
bility of composites [33,74,75]. Figure 9 and Table 2 show that D values from Equation (3)
increase as more fibers are added to the matrix. This reveals that composites with higher
TVEF contents have a greater ability to penetrate water molecules through the fiber /matrix
interface and, therefore, develop a lower moisture resistance. The high D value verified for
NapCOgs-treated TVF composites indicated it to be the most susceptible to water molecule
penetration. In contrast, the CaLS decreased the D value, showing that water molecules
have less ability to move within the material.

As presented in Table 2, the lower values of parameter k in Equation (2), due to the
increased proportion of fibers, are associated with a weak affinity between water and
composite. This reveals that there was good protection of the fibers by the matrix and that
the impregnation of the fiber by the epoxy was not impaired by the increase in TVF content.
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Figure 9. Diffusion coefficient values for composite samples.

Table 2. Water absorption for untreated and treated TVF composites. Diffusion coefficient D and
parameter k.

Sample D (mm?-h—1) x 10—4 k
Epoxy 0.054 0.996
10% untreated 0.670 0.989
20% untreated 1.260 0.984
30% untreated 2910 0.973
40% untreated 3.770 0.975
40% treated Na,CO3 7.050 0.966
40% treated CalS 2.840 0.974

3.4. Statistical Validation of the Charpy and Izod Impact Tests

Table 3 shows the Weibull parameters (3 and R?) as well as the characteristic absorbed
energy 6. The 6 values are similar to those found for the mean absorption energy (E,psorbed)
obtained in the Charpy and Izod tests.

Table 3. Weibull parameters for resistance to Impact Charpy and Izod of untreated and treated TV fibers composites.

Charpy Izod
E Standard E Standard
2 absorbed 2 absorbed

Sample B 0 R (J/m) Deviation B 0 R (J/m) Deviation
Epoxy 6.86 61.41 0.98 61.52 7.89 3.03 46.31 0.83 42.24 15.91
10% untreated 6.7 69.25 0.94 66.44 8.72 223 2329 0.96 24.20 6.10
20% untreated 845 51.78 0.98 50.54 5.73 2.27 23.6 0.96 25.43 6.58
30% untreated 10.23  62.24 0.98 62.13 5.22 10.27 42.67 0.82 41.01 4.37
40% untreated 5.8 74.67 0.96 75.05 7.32 499  61.02 0.92 58.65 9.26
40% treated Na,CO3 7.2 71.19 0.93 68.28 8.08 434  67.07 0.79 61.11 15.20
40% treated CalLS 34 88.5 0.94 80.59 24.53 427  59.52 0.91 53.31 13.89

Another point that becomes more noticeable when analyzing Table 3 is the relatively
high dispersion for 40 vol% samples, which is associated with heterogeneity of natural
fibers [76]. This dispersion may imply a possible statistical similarity between the compos-
ites of both groups of fibers, without and with treatment. To confirm this hypothesis, the
ANOVA statistical analysis was performed for the obtained results.
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Tables S1 and S2 present the ANOVA of the results of Charpy and Izod impact
resistance for untreated 40 vol% TVF composites, respectively. The data in Table S1 indicate
that the hypothesis of equality between the values of absorbed energy Charpy and Izod
for groups 0—40 vol% of untreated TVF is rejected with a 95% confidence level, because
F.a = 12.60 and 27.43 are higher than F ;. = 2.64 and 2.57.

Table S2 shows that the treatments with NayCOj3 and CaLS did not present a direct
influence on the absorption of impact energy in both tests for the 40 vol% samples. This
is justified by comparing the values of F.; = 1.26 and 1.12 with F a1 = 3.47 and 3.28,
obtaining F, < Fyitical- Therefore, with 95% confidence, the hypothesis of equity among
treatment averages is assumed.

Despite the non-significant increase in property, none of the treatments showed a
marked decrease in resistance to impact in the groups analyzed in Figures S1 and S2 as well
as in Table S2, available in the Supplementary Materials. However, the 40 vol% TVF treated
with CaLS not only showed a higher Charpy absorbed energy than the plain epoxy but
also a higher value than any other untreated TVF composite listed in Table 3. Furthermore,
the 40 vol% TVF treated with Na,COs displayed a higher 1zod absorbed energy than any
other untreated TVF composite. These promising preliminary results indicated that both
TVF treatments might have been effective in improving the impact resistance of epoxy
composites reinforced with more than 30 vol% TVFs. Ongoing research work is extending
the percentage of CaLS and NayCOj3 as well as the volume fractions of incorporation
of TVE.

To verify which volume fraction of untreated TVF showed better a Charpy and
Izod impact resistance on composites, the Tukey test was applied to compare individual
performance with a 95% confidence level.

The HSD calculated for the Charpy test was 10.22 J/m, and the differences above
this value are considered significant. The values in Table S3 show that the Charpy impact
resistance for the 40 vol% TVF composite was in fact higher than those of the other
composites. However, a decrease in the absorption energy was observed for the composite
with 20 vol% compared to the neat epoxy, which suggests that the TVF acted only as
filler in this volume fraction. Part of this decrease in energy may be associated with low
fiber /matrix compatibility, which is often due to the presence of moisture on the surface
of natural fibers and can lead to crack initiation, reducing the impact resistance of the
composite. Furthermore, these results indicate that only 40 vol% of TVF might act as an
effective reinforcement for epoxy resin.

For the Izod test, the calculated HSD was 10.78 J/m. Table S4 revealed that the Izod
impact resistance of the composite with 40 vol% TVF confirmed its better performance.
On the other hand, the Tukey test pointed to decreased impact resistance for composites
with 10 and 20 vol% TVFs in relation to neat epoxy. Some reasons can be cited for this
fact, such as the weak fiber/matrix adhesion and pressing with excessive load during plate
processing, which may have generated micro-cracks in the material.

3.5. Scanning Electron Microscopy Analysis

SEM image of the typical cross-section of untreated 30 vol% TVF composites is shown
in Figure 10. In this figure, the many voids of TVF as well as the presence of pores
resulting from the manufacturing process of composites, which can impair their mechanical
properties, can be noted.

The increase in impact resistance with the increase in the volume fraction of TVF fibers
in the composite might be assigned to the fracture mechanisms acting in the composites. In
order to confirm and better understand the evolution of fracture mechanisms acting on the
materials tested, Figures 11 and 12 show the fracture surfaces of the samples’ composites
with untreated TVF of the Charpy and Izod tests, respectively.
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Figure 11. SEM of fracture surfaces of composites incorporated with untreated TVFs after Charpy impact tests: (a) 10 vol%
TVF; (b) 20 vol% TVF; (c) 30 vol% TVF; and (d) 40 vol% TVFE.
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Figure 12. SEM of fracture surfaces of composites incorporated with untreated TVFs after Izod impact tests: (a) 10 vol%
TVE,; (b) 20 vol% TVF; (c) 30 vol% TVF; and (d) 40 vol% TVE.

Figures 11a,b and 12a,b reveal a rather brittle epoxy matrix fracture, due to the presence
of “river marks” on the impact surface of the samples. In addition, in these composites it
was possible to observe that the crack spreads catastrophically, inferring that there was
no effective reinforcement. According to Figure S3 and Table 3, the composites with 30
and 40 vol% of TVFs obtained the most efficient performance of the fibers due to higher
energy absorption. In these composites, more complex fracture mechanisms were activated,
such as fiber rupture and pullout, as shown in Figures 11c,d and 12¢,d. In these figures,
the fracture mechanisms that occurred are associated with the rupture of microfibrils
that provide an additional free surface and have the ability to increase the energy of the
absorbed impact. This same effect was reported by Reis et al. [39] when evaluating the
energy of impact absorbed by guaruman fiber-reinforced epoxy matrix composites.

Another relevant characteristic to note is the delamination between the fiber and the
matrix, as observed in Figure 13a.
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Figure 13. SEM of fracture surface of composites incorporated with untreated TVFs after Izod impact test: (a) 30 vol% TVE;

and (b) 40 vol% TVFE.

It is important noticing that TVF has a large number of pores and voids in Figure 13b.
This large number of pores and voids is likely to be related to the relatively lower density
of TVF as compared to NFLs [77]. This fact makes TVF quite advantageous as compared
to several other NLFs for use as reinforcement for polymer matrix composites. Indeed, in
many end applications, parts with excellent specific mechanical properties are desired, for
example in the automotive and aeronautical industry.

3.6. Recommendation for Future Research

XPS is an effective way to verify the fiber surface condition before and after treatment
as well as the amount of its functionalization. As an example, Revol et al. [78] investigated
the functionalization of cellulose-based fiber (Viscord™) with Na,COj3 (0.1 wt%) for 30 min
at RT, with 1 g of fiber /20 mL of solution. They observed that the number of C-C groups,
which indicates the content of impurities present on the fiber surface, did not change
between untreated and after Na,COj treated fiber. However, the O/C ratio, associated
with the number of hydroxyl groups available on the surface, increased from 53 to 61%.
It is worth mentioning that COOR groups are of interest when the functionalization of
the surface is taken into account. The authors also verified a large proportion of the
COOR (73.5% of C-O-H groups) after Na,COj3 treatment, but this value barely changed in
comparison to the untreated fiber, and impurities remained present on the fiber surface [78].
Therefore, these results indicate that the NapCO3; might not be effective to functionalize
a natural fiber. In this way, the effect of different Na,COj3 treatment conditions on the
functionalization of the TVF surface will be further investigated in future studies.

4. Conclusions

For the first time, the thermal, water absorption and mechanical properties of epoxy
matrix composites incorporated with Amazon native titica vine fibers (TVFs) treated with
both sodium carbonate (Na;COj3) and calcium lignosulfonate (CaLS) were investigated.

The results of TGA /DTG and DSC thermal analysis indicate that, in spite of lower
thermal stability than that of neat epoxy, there was an increase in the composites” thermal
stability as the TVFs were added. The composite with 40 vol% of untreated TVFs stood
out from the others, with an initial decomposition temperature around 296 °C. The DSC
presented curves of events that corroborated the DTG, as well as peaks associated with the
glass transition of the composites ranging from 60-85 °C and the beginning of the curing
process of the polymeric matrix around 115 °C.
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The water absorption test in the composites showed that the samples with higher
incorporation percentages absorbed more water, a fact that was expected due to the hy-
drophilic characteristics of natural lignocellulosic fibers. Treatment with NayCOj increased
the water absorption of the composites with 40 vol% TVF by 19% compared to untreated
composites, while treatment with CaLS decreased water absorption by 8%.

Mechanical testing by impact Charpy and Izod showed that up to 30 vol% of fiber
fraction resulted in similar or lower impact resistance than the neat epoxy. However,
composites reinforced with 40 vol% CaLS-treated TVF showed a 31% improvement in
Charpy tests, while Na,COs-treated 40 vol% TVF displayed a 45% improved Izod impact
resistance, in relation to neat epoxy. Statistical validation by ANOVA and Tukey test
confirmed that the TVF treatments in 40 vol% composites are associated with the highest
impact resistances. It also revealed that 40 vol% TVF is a threshold limit for improved
impact resistance.

Through SEM fractographies, it was possible to evaluate the main energy absorption
mechanisms present in untreated fiber composites. The samples with smaller incorporation
fractions, 10 and 20 vol%, showed brittle characteristics. On the other hand, for the largest
volumetric fraction of fibers, 30 and 40 vol% TVE the presence of mechanisms such as
pullout and fiber rupture, as well as delamination, which are directly associated with high
absorption of Charpy and Izod impact energy, was observed.

The results indicate that TVF-incorporated composites are viable for engineering
applications in view of their lightness and high working temperature, as well as the
positive effect of CaLS treatment on less water absorption and increased impact energy
absorbed with the addition of fibers. These characteristics are interesting for aerospace,
ballistics and automobile industries, especially when considering the low density required
in the project. In particular, the relative cost effectiveness together with easy processing
and thermal stability suggest a possible use of TVF epoxy composites in food packing.

Supplementary Materials: The following are available online at www.mdpi.com/10.3390/polym1
3234079 /s1, Figure S1: Water absorption curve for neat epoxy as well as untreated and treated TVF
composites, Figure 52: Variation of the absorbed impact energy of the composites in relation to the
volume fraction of untreated TVF for (a) Charpy; and (b) Izod tests, Figure S3: Variation of the
absorbed impact energy of the composites in relation to the volumetric fraction of untreated and
treated TVF for the (a) Charpy; (b) Izod, Table S1: ANOVA for the absorbed impact energy Charpy
and Izod of composites with different volume fractions of untreated TVFs, Table S2: ANOVA for the
absorbed impact energy Charpy and Izod of composites with 40 vol% of untreated and treated TVFs,
Table S3: HSD as measured by Tukey test for the Charpy absorbed impact energy of composites with
volume different fractions of untreated TVFs, Table S4: HSD as measured by Tukey test for the Izod
absorbed impact energy of composites with volume different fractions of untreated TVFs.
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