T.T. da Silva et al.

Chemical and thermal analysis of flax, aramid, and aluminum for HDPE ...

Thuane T. da Silval, Matheus P. Ribeiro**,

Lucas de M. Neuba?, Ana P. da Silva?, Sergio N. Monteiro?,
Marcos P. C. de Medeirost, Lucio F. C. Nascimento?!

Department of Materials Science, Military Institute of Engineering —
IME, Praca General Tiburcio 80, Urca, Rio de Janeiro-RJ, Brazil

2Brazilian Navy Research Institute—IPgM, Materials Technology Group;

Rua Ipiru, 02, Cacuia, Rio de Janeiro-RJ, Brazil

Scientific paper
ISSN 0351-9465, E-ISSN 2466-2585
https://doi.org/10.62638/ZasMat1478

Zastita Materijala 67 ()
(2026)

Chemical and thermal analysis of flax, aramid, and aluminum
for HDPE composites in protective helmets

ABSTRACT

An increasing interest in the use of sustainable materials as reinforcements in polymer composites
is observed, including for ballistic helmets used by the military forces. Typical examples are
natural lignocellulosic fibers (NLFs), applied as reinforcement of lightweight, economical, and
environmentally friendly composites compared to synthetic fibers such as glass, carbon, and
aramid. Their physical and mechanical properties vary according to the origin and characteristics
of the fibers, influencing their applications. Hybridization enhances the properties of composites,
leading to the investigation of various reinforcement materials. The present study characterizes
aluminum, as well as fabrics of flax, a NLF, and aramid, combined with high-density polyethylene
(HDPE), as the composite matrix using fourier transform infrared spectroscopy (FTIR), X-ray
diffraction (XRD), thermogravimetric analysis (TGA), and differential scanning calorimetry (DSC)
for possible application as hybrid composites. In the FTIR analysis, the materials presented
functional groups compatible with those described in the literature. Additionally, aramid and HDPE
showed higher crystallinity values of approximately 69% and 83%, respectively. From TGA and
DSC results, it was possible to determine the individual working temperature of the materials,
which was about 200 °C, and consider it for the possible composites. These findings are
compatible with the requirements for ballistic helmets associated with radiological protections.

Keywords: Characterization; Fourier Transform Infrared Spectroscopy; X-Ray Diffractogram;

Thermogravimetric Analysis; Differential Scanning Calorimetry.

1. INTRODUCTION

The growing demand for materials with specific
properties and lower environmental impact has
driven research into the development of polymer
composites reinforced with natural lignocellulosic
fibers (NLFs). This class of materials offers a wide
range of application possibilities, thanks to the
sustainability and versatility of NLFs and polymer
matrices [1-5].

NLFs, with their diverse physical and
mechanical properties, have been widely explored
as reinforcements in polymer composites [6,7].
Compared to synthetic fibers, NLFs, such as flax,
display relevant advantages in terms of lower
density, cost effectiveness, and zero environmental
impact, making them an attractive option for
various applications [8, 9].
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Paper accepted: 12. 06.2025.

Aramid, a synthetic fiber, stands out because of
its low density combined with its high specific
strength and modulus, making it an extremely
strong material. With their high specific strength,
stiffness, and low density, flax fiber offers new
possibilities for innovative applications in composite
materials, providing a sustainable alternative
[6,10,11].

Likewise, hybridization has proven to be an
effective way to enhance the properties of
composites. Therefore, research on the use of
different types of materials, specifically NLFs, as
reinforcements has become common in recent
years [12-16]. Hybrid composite materials are
used in numerous situations related to wide
temperature variations. It is crucial to analyze their
thermal behavior, as significant temperature
differences can impact the structural stability of
these composites. The thermal properties of hybrid
composites are determined by both the nature and
characteristics of the polymer and the
reinforcement materials [17-20]. The twaron, made
of aramid fibers, exhibits excellent heat resistance

ZASTITA MATERIJALA 67 (2026) broj 1


https://doi.org/10.62638/ZasMat1478

T.T. da Silva et al.

Chemical and thermal analysis of flax, aramid, and aluminum for HDPE ...

and dimensional stability, characteristics that make
it ideal for a wide range of applications [21].

Ballistic impact armors are essential in the
design and development of military gears. A
ballistic helmet is one of the primary pieces of
personal protective equipment for soldiers and
police officers. Reports show that the use of
ballistic helmets effectively reduces the casualty
rate of soldiers on the battlefield by 19% [22-25].
Although the head and neck represent only 12% of
a human body, head injuries account for half of
combat fatalities. In a non-penetrating ballistic
impact, a significant amount of kinetic energy is
transferred to the brain parenchyma within the
helmet due to the rapid deceleration of the bullet in
a confined space, which can result in traumatic
brain injuries [22,26-28].

Regarding the ballistic and shrapnel effects of
bombs, military personnel specialized in chemical,
biological, radiological, and nuclear (CBRN)
defense, as well as civilians and public security
forces responsible for the first response to CBRN
threats, are also exposed to the danger of so-called
"dirty bombs", which combine conventional
explosives with radioactive materials. The personal
protective equipment currently available for this
type of mission is limited to providing ballistic
protection, neglecting the necessary radiological
protection when confronting "dirty bombs".
Therefore, there is a critical need for the research
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and development of materials that combine
lightness and protection against all threats,
including radiation, to enable soldiers to carry out
their missions safely and effectively.

In this context, the present work proposes the
investigation of materials, including aluminum, flax,
aramid, and high-density polyethylene (HDPE) for
possible novel hybrid composites and technologies
for the manufacturing of ballistic helmets that also
provide radiological protection. The primary
objective is to combine the ballistic properties of
aramid, the sustainable, lightweight, and
mechanically efficient attributes of flax fabrics, as
well as the reasonable absorption of Cesium 137
radiation by aluminum plates, to further develop
hybrid composites capable of meeting the
demanding requirements of military personnel in
high-risk operations.

2. EXPERIMENTAL
2.1. Materials

2.1.1. Flax Fabric

The flax fabric, as shown in Figure 1, was
supplied from Casa Carlos Ltda, Brazil, in 1.5 x 25
m2 rolls. For the production of composites, the plain
weave fabric was cut into 12 x 15 cm? layers and
dried in an oven at 60 °C for 24 h. The density
adopted for the fibers was approximately 1.3 g/cm3

2].
(a) BRI (v)

Figure 1. Flax fabric: (a) size 12 x 15 cm; (b) enlargement of the weave

2.1.2. Aramid Fabric

In this research, the aramid fabric adopted was
Twaron CT 736 fabric, supplied by Teijin. It was
used with a 2 x 2 basket weave, weight of 410

g/m2, thickness of 2 mm and density of 1.41 g/cm3.
For the production of composites, the fabrics were
cut into 12 cm x cm pieces. Figure 2 shows the
fabric cutin 12 x 15 cm? size.
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Figure 2. Aramid fabric: (a) size 12 x 15 cm; (b) enlargement of the weave

2.1.3. High-Density Polyethylene (HDPE)

The HDPE used in this work is HDPE HE150,
which was supplied by Braskem SA, Brazil. In
Figure 3 the material is presented as received for
the production of the composite.

In Table 1 the listed properties of the HDPE
supplied for the present work are presented.
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Table 1. HDPE properties of the supplied material
used in the present work
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Properties
Density 0.948 g/cm?3
Shore-D Hardness 62
Flexural Modulus 1280 MPa
Tensile Strength 40 MPa
Melting Point 128

Figure 3. HDPE pellets (a) as received for the composite production; (b) enlargement

2.1.4. Aluminum Plates

The aluminum plates used in this study were
purchased from Expansdo Metal Ltda, Brazil. The

plates were purchased in 12 x 15 cm?, with a mesh
of 3 x 4 mm2 and a density of 2.7 g/cm3. Figure 4
shows the as-received plates.
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Figure 4. Aluminum: (a) size 12 x 15 cm; (b) mesh enlargement.

2.2. Methods

2.2.1. Determination of Grammage

According to ASTM D3776-20 [29], five 100
cm? test specimens were each cut using a metal
plate. The mass of these samples was determined
using a Mettler PM 460 analytical balance and the
grammage, in g/cm2, was calculated from the
average mass of the samples by the area value of
the samples.

2.2.2. Fourier Transform Infrared Spectroscopy
(FTIR)

Fourier Transform Infrared Spectroscopy
analysis was conducted using a Nicolet FT-IR
spectrometer from Thermo Scientific in the Thin
Films and Asphaltic Surfaces Laboratory (PEMM)
at UFRJ. The FTIR test was performed in the
wavenumber range of to 4000 cm™.

2.2.3. X-Ray Diffractogram (XRD)

XRD was used to determine the phases and
crystalline structures within the materials. This
technique relies on the scattering of X-rays as they
interact with atoms, which may be arranged in a
crystalline lattice. The intensities of the reflected
beams and the interplanar spacings are measured
according to Bragg’'s law [30,31]. Also, these
values were employed to assess the crystallinity
index of natural fibers.

It was carried out using a PANalyticalXPert Pro
MRD System with CuKa radiation, in the Materials
Science and Engineering Section of the Military
Institute of Engineering (IME). The 26 scan range
was 5-80 for polymers and fabrics, and 5-120 for
aluminum, with a scan speed of 26/5s for all
samples.

As for the Crystallinity Index (Cl), Segal et al.
[32] developed an empirical method that allows us
to estimate the degree of crystallinity in cellulosic
materials by analyzing the relationship between the
intensity peaks of the crystalline regions and the
amorphous halo.

This method for measuring the degree of
crystallinity has been widely employed in the
analysis of lignocellulosic materials. Through fitting
techniques, it is possible to measure the
interference intensity in the crystalline plane (002)
and the amorphous scattering at 26 = 18- [32,33].
Thus, the crystallinity index can be calculated using
Eqg. 1:

Acr
Acr + Aam

.100

C=
(1)

Cl is a parameter that indicates the amount of
cellulose present in a crystaline state in
lignocellulosic materials. This index plays an
important role in the determination of the
mechanical properties of these materials. From this
value, it is possible to infer whether the material is
more dense or less dense, since higher crystallinity
corresponds to fewer void spaces [33].

2.2.4. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis was performed on
the aramid and flax fabrics, aluminum plates and
HDPE pellets. A sample for each group was
comminuted and placed in open platinum crucibles.

The test was carried out as specified in ASTM

E1131-20. The equipment, belonging to the Naval
Research Institute (IPgM), was a Shimadzu DTG-

3 ZASTITA MATERIJALA 67 (2026) broj



T.T. da Silva et al.

Chemical and thermal analysis of flax, aramid, and aluminum for HDPE ...

60H model which operates in a nitrogen
atmosphere. The samples were subjected to a
heating rate of 10 -C/min, with a temperature range
of 20 to 900 -C.

2.2.5. Differential Scanning Calorimetry (DSC)

DSC analysis was performed on aramid and
flax fabrics, aluminum plates, HDPE pellets, and
composites, using one sample of each material and
composition. The test was carried out at the Navy
Research Institute (IPgM), Brazil. The samples
were comminuted and placed in a closed platinum
crucible, except for aluminum, which was tested in
an open crucible, in a Shimadzu DSC-60 device.
The operation was carried out in a nitrogen
atmosphere with a heating rate of 10 .C/min, within
a temperature range of 20 to 600 -C.

3. RESULTS

3.1. Determination of Grammage

The results obtained from the grammage
analysis of the fabric materials are presented in
Table 2.
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Table 2. Values analyzed from mass, thickness
and weight of the materials studied

Thickness 2

Sample Mass (g) (mm) Grammage (g/m?)
Flax 2.53+0.04 0.45 +£0.02 252.92
Aramid 4.16 £ 0.46 0.55+0.03 416.02

The data presented in Table 2 indicates a
lighter flax fabric compared to the synthetic textile
adopted, as a coarser aramid fabric is commonly
adopted in ballistic helmets. Proportionally, a
thicker aramid fabric will imply a material with a
higher grammage, which indicates that,
disregarding mechanical resistance for now, a
single layer of aramid fabric could be equivalent to
multiple layers of flax fabric. This was observed in
previous work of hybrid composite materials
[34,35].

3.2. X-ray Diffraction (XRD)

In Figure 5 the diffractograms obtained for the
flax fabric (a), aramid fabric (b), HDPE (c) and
aluminum plate (d) are presented by computational
processing of data using software OriginLab.
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Figure 5. XRD diffractogram of: (a) flax fabric; (b) aramid fabric; (c) HDPE; (d) aluminum plate
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The mechanical properties of NLFs are
significantly influenced by the corresponding
crystallinity index (Ic), which is one of the essential
factors to consider [36]. To determine Ic of the flax
fiber, Figure 5(a), the area under the curves related
to the cellulosic crystalline material was calculated
and applied to Equation 1 together with that related
to a lower intensity associated with a lower
crystallinity level of NLF. As a result, Ic of
approximately 69% was obtained for the flax fabric,
supporting the results found in the literature
[37,38].

It is known that a number of factors influence
the properties of NLFs, which explains the different
crystallinities reported in the literature, ranging from
64% to 75%.

Figure 5(b) shows the diffractogram obtained
for the aramid fabric. From the lower and higher
peaks obtained from the diffractogram, it was
possible to calculate the Ic of the aramid fabric.
The calculation yielded a Ic value of about 69% for
the Twaron fabric adopted, which is between what
was reported before for different aramid fabrics,
such as 55.3% for Kevlar 29 [36], and about 80%
for Twaron750D [39].
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Figure 5(c) shows the diffractogram obtained
for the HDPE sample. The Ic obtained from the
HDPE diffractogram is approximately 83%, a value
close to calculated before of about 75% [40].
Although the degree of crystallinity of HDPE is
consistent with the previously reported value, it is
important to mention that variation may occur,
which is attributed to the different processing
characteristics of the various types of HDPE [40].

The XRD analysis provided results related to
the crystalline phases of the sample. The
diffractogram of aluminum can be seen in Figure
5(d). The diffractogram showed the crystallographic
planes of aluminum with a cubic structure,
identified by the crystallographic file 01-089-4037.
The indexed peaks were the same as those found
in the work of Li et al. [41]. Upon analysis of Figure
5(d) and comparison of the values, it is evident that
the relative intensities differ from those indicated in
the file. This disparity is likely due to the nature of
the tested sample, which is not a powder, and
possibly due to some type of forming process.

3.3. Fourier Transform

(FTIR)

In this section, the results obtained from the
FTIR test of aluminum, HDPE, and the flax and
aramid fabrics will be presented.

Infrared Spectroscopy
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Figure 6. Vibrational spectrum obtained for (a) flax fabric; (b) aramid fabric.

NLFs are mainly composed of cellulose, lignin,
and hemicellulose. From the FTIR spectrum it is
possible to establish a relationship between the
observed bands and the chemical bonds of the
fiber, Figure 6(a). The wavenumber associated with
the band at 3320 cm™ is assigned to the OH
stretching vibration, indicating the presence of
hydroxyl groups. The band at 2900 cm™
corresponds to C-H stretching vibrations, typical of
both aliphatic and aromatic compounds. The band

observed at 1643 cm™ is mainly attributed to the
C=0 stretching vibration, characteristic of aliphatic
carboxylic acids and the ketone group within the
cellulose chain. The 1325 cm™ band can be
assigned to in-plane OH bending vibrations.
Finally, the band at 1030 cm™ is associated with
CH and CO deformations [42—-47].

In Figure 6(b), a wide band at 3313 cm™
corresponds to the NH stretching, which occurs
when carbonyl and amine are in the trans
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configuration (Amide-A). The band observed at
1635 cm™ corresponds to the amide | band, related
to the C=0 stretching vibration. At 1535 cm™, the
amide Il band can be observed, which is
associated with the coupling between the CN
stretching vibration and the NH bending vibration.
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The band observed at 1306 cm™ is related to the
amide IIl band, which is directly associated with the
coupling between the vibrations of the C-N, NH,
and C-C bonds. The band observed at cm™ is
attributed to vibrations of the aromatic ring [48-52].
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Figure 7. Vibrational spectrum obtained for (a) HDPE; (b) Aluminum

In Figure 7(a), the band found at 2915 cm™
refers to C-H stretching, and the band at
wavenumber 2850 cm™ originates from the =CH,
bond and is related to the symmetric stretching of
CH (methylene). The band observed at 2330 cm™
originates from C=0O stretching attributed to
carboxylic stretching. The 1464 cm™ band
originates from CH, bending caused by the
aromatic aryl ring. The sharp band at 720 cm™ is
associated with the out-of-plane bending vibration
of CH [53-57].

In Figure 7(b), the bands observed up to <1200
cm™ result from the bending vibrations of single Al-
O and AI-OH bonds. These vibrations are caused
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by the presence of an oxidized and hydroxylated
layer on the surface of the sample [58—60].

3.4. Thermogravimetric Analysis (TGA)

The thermal stability of polymeric materials is
essential for defining their operating temperature
limit and environmental use conditions, as it is
associated with their thermal decomposition
temperature and decomposition rate [61]. Through
TGA, it was possible to observe the mass loss
process of high-density polyethylene, aramid, flax,
and aluminum. Figure 8 illustrates the curves
resulting from the thermogravimetric test performed
on flax and aramid.
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Figure 8. TGA and DTG curves obtained for (a) flax fabric; (b) aramid fabric
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The curve presented in Figure 8(a), shows an
initial mass loss up to around 150 °C,
corresponding to the moisture loss of the material.
It is noted that flax undergoes significant
degradation in Stage I, which began at 308 °C, as
indicated in the graph. The temperature range from
200 to 500 °C coincides with the decomposition
temperature of hemicellulose, cellulose, and lignin,
which are the main constituents of flax [62]. At 900
°C, an ash content of 1.88% of the total mass was
observed.

An initial stage of mass loss of 5.32% is
observed up to 200 °C, associated with the loss of
moisture of the material, as shown in Figure 8(b). It
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can be seen that this loss is greater for aramid than
for HDPE. This occurs because aramid, although a
synthetic material such as HDPE, is more
hydrophilic ~ than  high-density  polyethylene,
containing a higher concentration of moisture on its
surface. In the work of Meliande et al. [19], this loss
is reported to be 6% until the onset of a sharp
mass decline at 477 °C. The major thermal
decomposition (stages Il and IIl) begins at 533 °C,
with a total mass loss of 94.62%, due to
degradation of the amide units (Il) and primarily
due to the decomposition of heterocyclic and
aromatic units (Ill) [63]. Aramid left a residue of
0.06% at 900 °C.
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Figure 9. TGA and DTG curves obtained for (a) HDPE; (b) aluminum.

In Figure 9a, an initial mass loss of 0.55%
(almost negligible) can be observed. This occurs
because of the evaporation of water molecules that
are weakly bound to the polymer surface and the
dehydration caused by secondary alcohol groups.
Volatile emission begins at 310 °C, where the main
mass loss related to stages Il and Il begins, with
peaks at 435 °C and 538 °C [64,65].

It is commonly expected that, in an inert
atmosphere such as nitrogen, the mass of a
sample in a TGA test will remain constant or
decrease due to processes such as decomposition
or evaporation. However, aluminum (Figure 9b)
exhibited a different behavior, with a mass gain
during the test (1.59% up to 900 °C). This behavior
can be explained by the formation of aluminum
nitride (AIN). Although nitrogen is considered inert,
it reacts with certain metals at high temperatures,
forming solid compounds such as AIN, which
adhere to the metal surface.

Another point that may justify this behavior is
the presence of an oxidized surface layer,
evidenced by XRD and FTIR analysis, which
suggests that, in addition to nitridation, oxidation
also contributed to the mass gain observed in TGA.

Aluminum, when exposed to oxygen at high
temperatures, forms aluminum oxide (Al,O3),
another non-volatile solid compound that
contributes to the mass gain of the sample.
Therefore, the mass gain observed in the TGA test
of aluminum can be attributed to the combination of
two processes: the formation of aluminum nitride
and the oxidation of the metal, both occurring
simultaneously and contributing to the increase in
the mass of the sample [66-71].

3.5. Differential Scanning Calorimetry (DSC)

The first endothermic peak for the flax fabrics
(Figure 10a) was observed around 58 °C.
According to previous works, it corresponds to the
loss or evaporation of absorbed water [72]. The
temperatures at 372 and 395 °C are endothermic
and exothermic peaks, respectively. The first may
be attributed to depolymerization of cellulose with
the formation of volatiles. The observed exothermic
peak is probably due to the degradation of the
hemicelluloses present in the samples, as well as
the break of the aromatic rings present in the fiber
lignin content, which occurs over a wide range of
temperatures [72].
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For the aramid adopted in this work (Figure
10b), an endothermic peak was observed at
around 106 °C, and two additional peaks: an
exothermic peak at around 573 °C, and an
endothermic one at around 586 °C. The first peak
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may also be related to the evaporation of absorbed
water. Similar results can be observed in a study in
which the DSC test was applied to aramid fibers
[73].
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Figure 10. DSC curves for (a) pure flax fabric; (b) as-received aramid fabric sample

The DSC curves for both HDPE in Figure 11(a)
and aluminum plates in Figure 11(b) presented
only one endothermic peak each. The first is
observed around 131 °C, and the second at 562
°C. An exothermic peak for the aluminum plate is
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observed at around °C. This behavior for HDPE is
expected also due to the melting point of the
polymeric material, also observed before [74],
which would not be possible in a metallic material
as the aluminum plates adopted in this work.
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Figure 11. DSC curves for (a) HDPE; (b) aluminum plate sample.

3.6. Final Remarks

The results presented in the present study
indicate that the materials investigated show great
potential for application in ballistic helmets. The
chemical and thermal characterization confirms the
viability of these materials at operating
temperatures suitable for the conditions required in
high-risk military environments.

4. CONCLUSIONS

e FTIR analysis revealed the functional groups
present in the studied materials, and these

results were corroborated with findings from
the literature.

e In the XRD analysis, it was possible to obtain
the crystallinity of the materials in this study.
The high-density polyethylene (HDPE) and
aramid showed results superior to those found
in the literature. For flax and aluminum, the
results presented are comparable to those
reported in the literature.

e The higher crystallinity of the materials
obtained in the present work indicates that,
when applied to the composite, they may
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significantly enhance the mechanical properties
of ballistic helmets.

From the thermogravimetric analysis, it was
possible to observe the mass loss of the main
constituents of the materials studied.

The maximum operating temperature of the
individually studied materials was determined.
When used together for the possible
manufacture of hybrid composites for ballistic
helmets, a working temperature of 200 °C will
be adopted, considering that decomposition of
the main constituents of flax begins at that
point.
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HEMIJSKA | TERMICKA ANALIZA LANA, ARAMIDA | ALUMINIJUMA
ZA HDPE KOMPOZITE U ZASTITNIM SLEMOVIMA

Uocava se sve vece interesovanje za upotrebu odrzivih materijala kao ojaCanja u polimernim
kompozitima, uklju¢ujuci i balisticke Slemove koje Koriste vojne snage. Tipi¢ni primeri su prirodna
lignocelulozna vlakna (NLF), koja se primenjuju kao ojaCanje laganih, ekonomicnih i ekoloSki
prihvatljivih kompozita u poredenju sa sintetickim viaknima kao §to su staklo, ugljenik i aramid.
Njihova fizicka i mehanicka svojstva variraju u zavisnosti od porekla i karakteristika vliakana, $to
utie na njihovu primenu. Hibridizacija poboljSava svojstva kompozita, $to dovodi do istraZivanja
razli¢itih materijala za ojacanje. Ova studija karakteriSe aluminijum, kao i tkanine od lana, NLF i
aramida, kombinovane sa polietilenom visoke gustine (HDPE), kao matricu kompozita koristeci
infracrvenu spektroskopiju sa Furijeovom transformacijom (FTIR), difrakciju X-zraka (XRD),
termogravimetrijsku analizu (TGA) i diferencijalnu skenirajucu kalorimetriju (DSC) za mogucu
primenu kao hibridni kompoziti. U FTIR analizi, materijali su pokazali funkcionalne grupe
kompatibilne sa onima opisanim u literaturi. Pored toga, aramid i HDPE su pokazali vece vrednosti
kristalnosti od priblizno 69% i 83%, respektivno. Na osnovu rezultata TGA i DSC analize, bilo je
moguce odrediti pojedinacnu radnu temperaturu materijala, koja je bila oko 200 °C, i uzeti je u
obzir za moguce kompozite. Ovi nalazi su kompatibilni sa zahtevima za balisticke kacige
povezanim sa radiolo$kom zastitom.

Kljucne reci: Karakterizacija; Furijeova transformaciona infracrvena spektroskopija; rendgenski
difraktogram; termogravimetrijska analiza; diferencijalna skenirajuca kalorimetrija
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