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EDITORIAL

he twentieth and twenty-first centuries were profoundly shaped by armed conflicts that redefined borders,

ideologies, and societies. World War I ushered in a new era of industrialized warfare, with millions killed

and the collapse of empires such as the Austro-Hungarian and the Ottoman. Soon after, World War 11
became the largest conflict in history, involving almost the entire planet, resulting in the Holocaust, use of nuclear
weapons and creation of the UN. During the so-called Cold War, conflicts such as the Korean War (1950-1953)
and the Vietnam War (1955-1975) reflected the ideological dispute between the US and the USSR. In the Middle
East, wars such as the Gulf War (1990-1991) and the ongoing conflicts involving Israel and Palestine have marked
the geopolitical scene. In the 21st century, the Afghanistan War (2001-2021) and the Iraq War (2003—-2011) were
responses to 09/11, with lasting consequences. More recently, Russia’s invasion of Ukraine in 2022 has reignited
global tensions, reminding us that the echoes of war still resonate strongly in the contemporary world, but with a
great differential: the use of new military doctrines and equipment never before imagined, such as drones. In other
words, innovation, more than ever, is present in all theaters of operations of current conflicts. In a global scenario
increasingly driven by data, accuracy and security, Brazil has been standing out on several fronts of applied research.
The intersection of materials science, systems engineering, and artificial intelligence reveals a vibrant academic and
technological ecosystem, committed to solutions ranging from the field of defense to oral health. This editorial
proposes a reflection on seven studies that illustrate this multifaceted advance strongly based on innovation.

The study on The Lmpact of the Weighting of Semantic Resonrces for the Identification of Suspected Crimes in Social Networks
points to a new era in public security. By employing algorithms capable of interpreting linguistic and contextual nu-
ances, researchers expand the ability to detect suspicious behavior in digital environments. This approach not only
reinforces crime prevention, but also raises ethical debates about privacy and surveillance.

The research on alumina ceramics doped with niobia and silica, processed with functional gradient technique, rep-
resents a leap in materials engineering. The controlled densification and morphology of these ceramics promise
applications in extreme environments, such as aerospace shields and components, where thermal and mechanical
resistance are crucial.

In the field of defense and navigation, azimuth estimation from multiple fixed beamfornings in antenna-array radar systems
offers significant advances. This technique allows greater accuracy in locating targets, even in scenarios of interfer-
ence or low visibility, reinforcing national technological sovereignty.

The review of materials for stand-alone ballistic plates, according to the Joint Operational Requirements of the Ministry
of Defense, shows the continuous effort to align scientific research with strategic demands. The search for resist-
ant and economically viable lightweight materials is essential to ensure effective protection without compromising
mobility.

Evalnation of the mechanical properties of AA 5052 and AA 5050C aluminum alloys in laminated sheets demonstrates
the potential of these alloys for structural applications. With their combination of lightness and strength, these
materials are ideal for industries such as transportation, construction, and defense.

The innovation also appears in the creation of aramid tissue componnds infused with polyethylene glycol and hematite nano-
particles. Along with ballistic resistance, these materials also demonstrate microwave absorption properties, indicat-
ing potential applications in stealth shielding and protection against electromagnetic radiation.

Finally, the influence of surface treatment on the primary stability of bone-integrating dental implants, quantified with strain
gauge, shows how precision engineering can transform dentistry. Improved bone integration and durability of im-

plants has a direct impact on patients’ quality of life.




In conclusion, these studies, although diverse in scope, converge on a common point: the commitment to sci-
entific excellence and practical applicability. They reflect a country that invests in knowledge to protect, innovate
and care. In times of global uncertainty, this is a bet worth gold. It is in this context that the Military Institute of
Engineering is located, a bicentennial corporate university whose primary objective is to meet the needs of the
Brazilian Army, but without leaving aside dual applications that may contribute as much as possible to civil society.
Revista Militar de Ciéncia e Tecnologia (RMCT, publication Open Access), which is one of the regular publications of the
Brazilian Army, plays a crucial role in the field of military science and technology. Its significance in this area is
considered paramount.

We wish you an excellent reading!

Dr. Eng. Fernando M. Araujo-Moreira
Editor-in-Chief of RMCT
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ABSTRACT: The identification of criminal suspects on social
media has been a topic of greal relevance in the analysis of this
type of media. Most of the time, the methods that seek to identify
these suspects use textual data made available by people on these
networks (e.g. messages, comments, among others). To analyze the
texts, these methods often use semantic resources such as controlled
vocabularies or even simple sels composed of terms, according to the
domain in question (e.g. terrorism, pedophilia, among others). The
mention of one or more of these terms can raise suspicions about
the people who have used them. However, some terms raise more
suspicion than others. Therefore, this work seeks to investigate the
impact of differentiating the level of dangerousness of the terms used
by a method for identifying criminal suspects on social media and
whether this can lead to better results in identifying suspects. The
results obtained through experiments in the domain of pedophilia
showed that differentiating the level of dangerousness of the terms
provided better results in 82.5% of the experiments carried out.

KEYWORDS: Suspects. Social Media, Semantic Resources.

1. introduction

ocial media (e.g., X - formerly Twitter,
YouTube,
among others) are part of everyday life

Instagram, Facebook,

for the vast majority of society [1]. Every day, a large
amount of data is made available in these networks
through various functionalities, such as sharing
videos and exchanging messages [2]. In addition,
these networks allow for real-time interactions,

without geographical space being a limitation [3].

Because of this, Social Network Analysis' has been of

RESUMO: A identificagdo de pessoas suspeitas de crimes em redes sociais
tem sido um tema de grande relevancia na andlise desse tipo de rede. Na
maioria das vezes, os métodos que buscam identificar esses suspeitos utilizam
dados textuais disponibilizados pelas pessoas nessas redes (e.g. mensagens,
comentdrios, entre oulros). Para analisar os textos, tais mélodos costumam
utilizar recursos semdnticos como vocabuldrios controlados ou até mesmo
simples conjuntos compostos por termos, de acordo com o dominio em
questdo (e.g. terrorismo, pedofilia, entre outros). A mengdo de wm ou mais
desses termos pode levantar suspeitas sobre as pessoas que os ulilizaram.
No entanto, hd termos que levantam mais suspeitas do que outros. Assim
sendo, este trabalho busca investigar o impacto da diferenciagdo do nivel
de periculosidade dos termos utilizados por um método de identificagio
de suspettos de crimes em vedes sociais e se isso pode levar a melhores
resultados ma identificagdo dos suspeitos. Os resultados obtidos por meio
de experimentos no dominio da pedofilia mostraram que a diferenciagdo
do nivel de periculosidade dos termos proporcionou melhores resultados em
82.5% dos experimentos realizados.

PALAVRAS-CHAVE: Suspeitos. Redes Sociais, Recursos Semdnticos.

great interest to public and private institutions for a
wide variety of purposes [5].

One of the Social Network Analysis tasks that
has been of great relevance in recent years is the
identification of individuals suspected of crimes on
social media (e.g. pedophilia, bullying, terrorism) [6]
[7] [8]. This is due to the growing number of people
who have used the resources available on networks to
carry out acts that can pose risks to other people, both
externally and internally to these virtual environments
[9] [10]. For example, such acts can have some kind

of psychological and/or physical impact on people [4].

1 Term given to any set of activities that seek to extract knowledge about individuals who use social networks [4].
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In the literature, a significant part of the methods
that seek to identify individuals who commit crimes
on social networks are based on analyzing the textual
content provided by people [11] [12] [7]. This analysis
is often supported by a controlled vocabulary or a set
of terms commonly used by suspicious people in the
application domain [11] [13]. These vocabularies or
sets of terms can contain expressions with different
levels of “dangerousness?”. There are methods that
seek to differentiate these levels [14] [15] [16] and
others that do not [12] [11] [17]. Given this scenario,
the following research questions arise: What is the
impact of differentiating the dangerousness levels of
suspicious terms in a vocabulary or set of terms? Can such
differentiation lead to better resulls in identifying individuals
suspected of crimes on social networks?

In order to find evidence to answer the above
questions, the study described in this article carried
out experiments with the INSPECTION method?
[14], considering five sets of data, in two ways. In the
first, all the terms were assigned the same weight, i.e.,
without differentiating their level of dangerousness.
In the second, the level of dangerousness of each
group of terms was differentiated. Based on the
experiments conducted, it was possible to observe that
weighting the dangerousness levels of the controlled
vocabulary terms led to better results in 82.5% of the
experiments, thus positively addressing the research
questions raised.

The rest of the paper is organized as follows.
Section 2 presents some basic concepts related to social
network analysis and unstructured data (texts). Section
3 presents some studies that seek to identify crime
suspects through the use of controlled vocabularies
or sets of terms according to the application domain.
The INSPECTION method and its stages are briefly
described in Section 4. Details of the experiments
conducted and the results obtained are in Section 5.

Finally, Section 6 highlights the contributions of this
study and possible future research.

2. Basic concepts

In social network analysis, it is essential to gain a
deeper understanding of an individual. To do this,
three main pieces of information can be extracted
from the network [18]: Topological, Temporal and
Contextual.

Topological information, based on the structure
of the graph that represents the network, makes
it possible to identify how the different nodes
(individuals or entities) are interconnected [19].
This reveals interaction patterns and the relative
importance of each node in the network [20]. In
some social networks, however, this topology is not so
obvious and it is necessary to use tools to identify the
interconnections between individuals. An example of
this is Youtube. The TROY algorithm [21] [16] is a tool
that reveals the interactions between YouTube users.
By analyzing responses to comments, the algorithm
identifies who “received” or to whom a given textual
content was “sent”, thus generating a multigraph of
interactions.

On the other hand, temporal information, which
involves analyzing data over time, focuses on the
chronology of interactions [22]. Understanding when
certain actions take place can provide valuable insights
into the behavior of individuals and social dynamics
[20].

Contextual information considers the social
and cultural environment, as well as intentions in
communications [14]. Although it is relevant, it
often appears as unstructured data such as messages
and comments, which are difficult to analyze [23]
[24]. Techniques such as Text Mining and Semantic
Annotation help transform these data into actionable

2 Dangerousness is a term that refers to the quality of something that poses a risk or danger. In today’s context, people and/
or words that are suspicious according to a domain can be classified according to their level of danger.

3 A method aimed at identifying people suspected of crimes on social media through textual content. To do this, it uses a
controlled vocabulary made up of terms according to the application domain (e.g. pedophilia, etc.). In this method, these
terms are weighted and normalized according to their level of dangerousness in the domain in question. Subsequently, people
are weighted according to the use of terms belonging to this vocabulary in their texts.
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knowledge, enabling a deeper analysis of social
networks and human interactions [25] [14].

Text mining is a powerful technique that allows
useful knowledge to be extracted from large volumes
of textual data, using a variety of resources and
approaches [26]. This extraction is carried out using
computational tools and techniques that make it
possible to identify patterns, trends and relevant
information in texts [27]. Among the various
methodologies used in text mining are Machine
Learning techniques, which allow for the modeling
and prediction of behavior from data; statistical
analyses, which help to quantify and interpret
information; and the Bag-of-Words model, which
represents documents as sets of words, facilitating
textual analysis in a simplified manner [28].

Semantic annotation of texts uses resources that
go beyond simple textual analysis, incorporating
semantic elements that enrich understanding of the
content [29]. Among the resources available is the
Controlled Vocabulary, also known as a Thesaurus,
which is made up of a structured list of terms and
expressions that describe a particular domain of
knowledge and has the function of organizing and
standardizing the terminology used, facilitating the
search and retrieval of specific information [30].

In comparison, ontologies offer a richer and more
complex approach, as they not only define terms, but
also establish hierarchies and relationships between
concepts, allowing for a dynamic and interconnected
representation of knowledge, which makes it easier
to understand the relationships between terms
and promotes a more in-depth analysis of the data
[31]. Both text mining and semantic annotation are
essential in extracting and organizing knowledge from
textual information, making a significant contribution
to data analysis in various areas.

3. Related work

In this section, we will present some studies that
use a controlled vocabulary or set of terms to enable
contextual analysis of textual data from the network
(e.g. messages, comments, among others), in order to

6 « RMCT

identify different types of people suspected of crimes
on social networks (e.g. pedophilia, harassment and
cyberbullying).

Bretschneider et al. [12] developed a method
that seeks to identify online harassment messages.
This method uses a pre-defined set of words that
can be classified as highly dangerous in the domain
in question to help identify messages with suspicious
content. From this set, messages that fit into textual
patterns are checked. These patterns assess the
connection between a person (e.g. personal pronouns,
user names, etc.) and a suspicious (or profane) word
belonging to the predefined set. In this way, messages
that fit these standards are marked as harassing. On
the other hand, Bretschneider and Peters [11] use the
same method proposed by Bretschneider et al. [12]
to find people who practice cyberbullying. However,
Bretschneider and Peters [11] enrich the method with
topological analysis by considering people’s relational
behavior. In this way, people are considered suspicious
if they have sent a certain number of messages with
suspicious content to the same person.

Elzinga et al. [17] developed a non-automated
method that uses a temporal relational semantic system
to analyze conversations with pedophilic content in
chat rooms over time. To do this, Elzinga et al. [17]
created 6 (six) categories into which a message can
be classified: Where, When, Intimate Parts, Sexual
Handlings, Cams and Pictures, Compliments. In this
way, each message is manually analyzed and checked
to see which category it falls into. Once this is done,
given a person with their messages categorized and by
means of the temporal relational semantic system, it is
possible to visualize the categories in which a person
moves through the network over time, as well as their
suspicious behavior.

The studies presented consider a set of words
in which all are classified as dangerous and do not
differentiate the degree of dangerousness. However,
in this set, there are terms that are commonly used
by people who do not commit any kind of crime
on social networks and there are also terms that
are more unusual and may raise more suspicion.

In Elzinga et al. [17], for example, which addresses



the pedophilia domain, the group of words in the
“Intimate Parts” category (e.g. penis, breasts, among
others) can be considered more dangerous than the
group in the “Where” category (e.g. beach, movie
theater, among others).

4. The inspection method and its stages

This section presents a brief summary of the
INSPECTION method, originally proposed and
illustrated in [14]. This method requires as input a
dataset N = [M, U], where M is a set of messages sent
and/or received by people from a set U, and consists
of 5 (five) stages: Terms Preparation, Representation of the
Network, Controlled Vocabulary Weighting, Contextual
Analysis and Suspect Identification. The following
subsections summarize these steps.

4.1 Terms preparation

In this stage, text mining techniques are used with
the aim of normalizing each term ¢ on m,_ for each
message m_€ M. To this end, this stage consists of
3 (three) sub-stages: Normalization and Extraction of
Textual Content, Stop Words Removal and Stemming. In
the Normalization and Extraction of Textual Content sub-
stage, due to textual informality on social networks,
the aim is to remove repeated letters, deal with
abbreviations, among other things. The Stop Words
Removal and Stemming sub-steps are responsible,
respectively, for removing words ¢, € m_with little
meaning and identifying the radical of terms. At the
end, the set of treated messages M’ is generated.

4.2 Network representation

In the Representation of the Network stage,
two multigraphs are constructed from M’ in order
to represent the network in two ways. In the first,
people and their messages are represented. For this,
pp> Epp) is
used, where each v,, € V,, represents a person and

a directed homogeneous multigraph G,, (V

each e,, € E,, represents a message, which makes
it possible to identify the person who sent and/

or received that message. In addition, each e,, has
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an attribute T, responsible for storing the textual
content of a message m_€ M. In the second way of
representing the network, by means of a directed
VE,,), the
People and Terms used in messages are represented.

heterogeneous multigraph, G, (V, UV E

In this case, vertices V, and V_, respectively, represent
people and the terms used in messages (¢, € m,).
The directed edges E,. and E_, are responsible for
informing, respectively, the person who sent and the
person who received a certain term.

4.3 controlled vocabulary Weighting

This sub-stage uses a controlled vocabulary 0 =
[C, R] according to the domain of the application
(e.g. Terrorism, Pedophilia, Bullying, among others).
This vocabulary is constituted of a set of terms C
and a set of relationships between terms R. The set
of terms is divided into two disjoint subsets, i.e., C =
[C,, C ], where C, contains more generic terms (called
root classes) and C_ contains specific terms (called
subclasses). Knowing that each class has a w attribute,
responsible for storing the weight of the class, the
vocabulary is weighted in two phases. In the first
phase, a specialist in the domain in question is used to
weight the root classes (c, € C).

Once the root classes have been weighted, the
second phase seeks to weight the subclasses (c € C)).
These subclasses go through the Normalization and
Extraction of Textual Content and Stemming sub-steps of
the Data Preparation stage in the same way as described
above for the message terms. At the end of this phase,
a set of processed subclasses is generated called. With
the subclasses processed (c! € C), we check which of
them are present in the network to be analyzed. To do
this, a filter is applied using the following operation A
= C/ N VT. The global weight is then calculated (), of
each t; € A (Eq. 1).

—‘ (1)

n[

‘E
GW, =log?2

j
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In equation 1, |E, | and |nt'j| indicate, respectively,
the total number of edges (or number of messages) in
G,, and the number of edges in E,, that have the term
t’ in messages (i.e., n'] = {eMn|t’ €e, .-T}). In this way,
the global weight GW is respons1ble for expressing
the rarity of each term.

Once the rarity of each term has been identified,
it must be normalized according to the root class to
which the respective term is linked. In this way, it is
possible to differentiate the level of dangerousness of

each term. To do this, HGW (HGW = logQ[ ]) is

calculated, since the normalization is given according
Next, the
representativeness in percentage terms of the term is

checked using GW' (Eq. 2).

to the maximum global weight.

GW

% __ L

- @)
i HGW

The values of this representativeness are used to
calculate the weight of the normalized term. Once
these values have been calculated, GW," (Eq. 3) is
used to obtain the final Global Weight for each term,
within the range of its category.

GW,Y = ((Max (¢, )-Min(c, ))xGWl;/”)—l- Min(C, ) (3)

This is done by calculating the interval for each c,
(Max (C, )—C weoMm(C )—Max({C w|C, EC,
-{C, FA C w < C, w} UA{0}. 'Once we have the Value
obtained from GW Y and we know that t; =C/, this
value is assigned to the w attribute of the subclass of
the corresponding term (ie., c/.w = GW‘E )

4.4 Contextual analysis

This stage seeks to identify a score for each person
in the network, in order to represent their degree of
suspicion in the context of the application domain.
To do this, all the terms used by each person are
retrieved <CUTUP)’ where (CVTUP) = {v, |3(v,, v,) €
E, }. However, in this retrieval, there may be terms
that are not suspicious, i.e., they are not considered

8 « RMCT

important in the domain of the application. To do
this, a filter C:T(UP) is applied, where (C:Tvp) = CvT N
(vp) Cs”
used by the person v,.

in order to obtain only the suspicious terms

For each personwho has used suspicious terms (i.e.
|(C] vP)|>0), the metrics M, and M
vr

FGW
The metric M, using Equation 4, is the sum of all

are used.

the normalized global weights of the suspicious terms
used by a person. Thus, this metric presents the sum
of the rarity of each suspect term, normalized by the
weight of a root class to which that term is linked.

\Y . (UP): E(;( )Csi.w )

In the metric M,
term used by a person is taken into account. This

the frequency of each suspect

frequency is then multiplied by its respective
normalized global weight, indicating the importance
of this term for a person in relation to all the messages
analyzed. The values obtained are then added
together. To do this, Equation 5 is used.

ZW(

Gy, C (vp)

M ew (UP): )XCsi.W

®)

In this way, W(v,, C_) retrieves the frequency of use
of a given suspect term by a person. Formally, W(v,,
C )—|{(ot)EET/o— v,et=C }| Once one of the
metrics has been selected the score obtamed with it
is applied to the person analyzed (v,.st = M, (v,) ou

v,.st = M, (v,)), expressing their suspicious behav1or

numerically.

4.5 Suspect Identification

At this last stage, the scores obtained with each of
the above metrics are listed in a descending order, so
that the most suspicious people are at the top of the list.

9. Experiments and results

This section presents the set of data used and
reports on the experiments carried out with the aim
of answering the research questions presented in
Section 1. The topic of pedophilia was chosen because



social networks have become a major attraction
for children and teenagers, making this audience
participate assiduously in these environments [32].
For this reason, it is common for pedophiles to use
social media to identify potential victims [4].

The prototype of the INSPECTION method [14]
was developed in Python 3.0. In the terms preparation
stage, the NLTK [33] and Spacy [34] libraries, among
others, were used. In addition, a dictionary of slang
and abbreviations commonly used on social networks
in Portuguese was created to deal with possible noise
in the text. This dictionary was built by searching
related websites [35] [36] [37]. The following sections
present the details of the experiments.
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In the next subsections, details of the data sets
(subsection 5.1) and controlled vocabularies (subsection
5.2) used in the experiments will be presented.

5.1 Data sets

In the experiments carried out here, five data sets
were applied to the INSPECTION method. These
sets were constructed from comments and responses
in Portuguese extracted from five YouTube videos,
from a channel belonging to an underage singer. The
videos and channel were chosen because they were
more likely to contain suspicious textual content on
the topic chosen for the experiments. Table 1 shows
the statistical data for the five (5) videos.

Table 1 - Statistical data for each video vn used in the experiments.

v, 2M:38S 2.551.258 6.897
v, 3M:14S 57.083 348

v, 2M:53S 13.041.367 13.080
v, 2M:56S 18.157.216 18.548
v 4M:04S 89.593.403 71.387

As mentioned in Section 4, INSPECTION
requires as input a data set N, = [M, U]. Thus,
each of the videos listed in Table 1 was submitted
to the TROY algorithm, allowing the extraction
of interactions between people; details of this
algorithm can be seen in [21] and [16]. The resulting
data was used in the experiments presented in this
paper and is summarized in Table 2. The process of
building these sets also included a data enrichment

stage responsible for incorporating information
on suspected pedophiles from the PAN-2012-
BR dataset [39] [7]. PAN-2012-BR is a dataset
containing the conversations of 39 (thirty-nine)
pedophiles, which were made available by the Sao
Paulo Federal Public Prosecutor’s Office (MPF-SP).
These suspects were integrated into the datasets in
Table 2 using the link prediction task, as described
in detail in [16].
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Table 2 - Statistical data from the datasets generated from the videos in Table 1.

v, 1.806 10.647 3 39 1.752
v, 87 382 2 20 132

v, 3.688 16.332 3 39 1.484
v, 5.255 18.488 3 39 1.694
v 18.802 75.249 3 39 1.280

5.2 Controlled vocabulary

The controlled vocabulary was built based on
six categories of words, inspired by [17]: “where”,
“when”, “intimate parts”, “sexual handlings”, “cams
and pictures” and “compliments”. Each category
became a root class from which subclasses extracted
from vocabularies found in the literature were added
(see Table 3). These classes and their subclasses now
form a single vocabulary called O. In addition to these
root classes, the root class clothing was also considered.
Thus, for the experiments with the INSPECTION
method, 4 (four) variations of this vocabulary were
adopted, as in [16]: O/" (without the clothing root
class and weighted with integers), O,"" (with the
clothing root class and weighted with integers), O "
(without the clothing root class and weighted with real

numbers) and O **" (with the clothing root class and
weighted with real numbers).

It is important to note that in the vocabularies O ;"
and O ™", the root class “clothing” is taken into account,
as it is common for people suspected of pedophilia to ask
about the clothing of their potential victims. This also
allows to evaluate the performance of the method with the
controlled vocabulary enriched by this class, both with and
without weighting. It also makes it possible to compare
the weighted method more rigorously (/N7) and more
flexibly (FLOAT) in relation to the unweighted vocabulary.

Table 3 shows the weightings of the most generic
vocabulary classes. It is worth noting that, for the
weighting of the controlled vocabulary, there was the
support of a federal police officer from Aracaju/SE
who has been working on the subject of pedophilia
for 11 (eleven) years.

Table 3 - Weightings of the controlled vocabularies and origins of the subclasses.

When 1 1 1.5 1.5 [40]
Where 2 2 2.3 2.3 [41]
Compliments 3 3 4.0 4.0 [42]
Cams and Pictures 4 5 6.0 6.0 [43]
Intimate parts 5 6 5.7 5.7 [44]
Sexual Handlings 6 7 5.5 5.5 [45]
Clothing - 4 - 5.0 [46]
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For the INSPECTION experiments without
weighting the controlled vocabulary, all the terms were
given a weight of 1 (one) (ie, C/.w = 1). As aresult, there
was no differentiation in the level of dangerousness
of the terms. In this way, a benchmark was created
to allow comparison with the results generated with
INSPECTION, based on differentiating the level of
dangerousness of the terms according to the weighting
of the controlled vocabulary.

5.3 Results

Considering the variations in data sets, vocabularies
and their weightings, as well as contextual metrics,
the INSPECTION method was run 60 (sixty) times

in total. The results of these runs are summarized

Table 4 - Results of the experiments.

in Table 4. To assess the performance of the
INSPECTION method, the measure used was AUC
(Area under the Curve) [47]. This measure calculates
the probability of a suspect having a higher score
than a non-suspect, both chosen n times at random.
In this study, n is equal to 100. It is worth noting
that the INSPECTION method uses the label of
people (suspect and non-suspect) only to evaluate the
performance of the method.

In a general analysis of the INSPECTION method
[14] with and without vocabulary weighting, it can
be seen that all runs of the method led to results
higher than the random predictor (AUC >0.5), which
indicates that the method has a good ability to identify
suspected pedophiles, regardless of whether or not
weighting is used.

on” 0.905 0.905
0.900 0.865
Ot 0.885 0.890
v
! oL 0.910 0.890
0.910 0.835
OfAL 0.915 0.865
on” 0.795 0.845
0.600 0.545
ON” 0.810 0.920
1%
: oreaL 0.835 0.835
0.535 0.525
ofEAL 0.840 0.920
oN” 0.930 0.905
0.900 0.895
Ot 0.930 0.890
v
’ OrEAL 0.900 0.915
0.855 0.840
oL 0.930 0.925
o' 0.940 0.930
0.910 0.885
Ot 0.950 0.965
v
! OreaL 0.945 0.950
0.945 0.915
ofAL 0.930 0.950
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ONT 0.940 0.885
0.905 0.885
ONT 0.925 0.950
1%
’ oL 0.930 0.925
0.925 0.900
oreaL 0.920 0.915

In a more detailed analysis, of the 40 (forty)
performance comparisons between the INSPECTION
method with and without vocabulary weighting,
the weighted method won in 33 (thirty-three cases)
(82.5%), tied in 3 (three) (7.5%, highlighted in
bold and blue in Table 4) and lost in 4 (four) (10%,
highlighted in red and italics in Table 4). These results
suggest a positive response to the research question
of this article, which investigates whether vocabulary
weighting (relative to the level of dangerousness of
the terms) can help improve the identification of
suspected criminals on social networks, specifically in
the context of pedophilia.

Further detailing the results of the INSPECTION
method with vocabulary weighting, it can be seen
that the best performances were achieved with the
O,N"vocabulary, which was successful in all five
(b) datasets, only tying in the dataset with the M,
metric. This shows that enriching the vocabulary with
new root classes must be done carefully. Furthermore,
weighting the root classes more rigidly provided
yielded better
results (eighteen out of twenty comparisons - 90%).

better results. As for the metrics,

Therefore, the frequency with which a person used
suspicious terms is not so relevant.

In short, from the results presented, it can be
seen that weighting the controlled vocabulary gives
better results when it comes to identifying people
suspected of pedophile crimes. In other words, the
impact of weighting the terms proved to be positive
in the process.
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6. Final considerations

Social media have been increasingly present
in society’s daily life, attracting the most different
audiences with the most different particularities. In
this way, they have become a favorable medium for
people with bad intentions to commit illegal acts on
the web. Therefore, in order to avoid risks to the
physical and psychological integrity of individuals
on social media, the identification of suspicious
individuals has been a major focus.

In the literature, many methods that seek to
identify people suspected of crimes on social media
use a vocabulary or set of terms according to the
application domain. In this way, it becomes possible
to analyze the textual data provided by a person on
social networks in order to check how suspicious
they might be. However, within an application
domain, there may be terms with different levels of
dangerousness. In view of this, the following research
questions were raised in this study: What is the impact
of differentiating the dangerousness levels of suspicious terms
in a vocabulary or set of terms? Whether such differentiation
can lead to better results in identifying people suspected of
crimes on social media.

In order to answer the above questions,
experiments were conducted with the INSPECTION
method on 5 (five) sets of data, without and with
the weighting of the controlled vocabulary. The
results obtained through the experiments in the
pedophilia domain showed that the impact of




weighting the controlled vocabulary is positive and
consequently leads to better results (82.5% of the
experiments carried out in this work). In this way,
differentiating the levels of dangerousness of terms
in semantic resources (e.g. controlled vocabularies,
sets of terms, among others) for identifying people
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suspected of crimes on social networks is highly
relevant.

Future work should include: weighting the
controlled vocabulary without relying on the help of
a specialist in the application domain and conducting
experiments on other social networks and domains.
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ABSTRACT: Advanced Ceramic have several applications, among
them we could highlight ballistic protection. This usage is mostly due
to its mechanical strength and low weight. Alumina (Al203), given ils
characteristics such as easy to obtain and low production cost, represents
one of the most researched and used for this purpose of use. However,
every material has its own limitation of use, such as low density and
bad strength when used without doping. Therefore, solutions have been
researched to increase alumina density and improve microstructural to
promote better ballistic performance. Even if the homogeneous material
get better results, still there is some room for improvement on trying
something new. One type of material which has been showing good
development is Functionally Graded Materials that could promote a
change in characteristics in the same material or that causes a material
to behave similar to a ballistic system of several distinct layers, but with
the advantage of having no stress concentrators as composites. Thus, this
work aims to study the densification of Functionally Graded materials
in conventional sintering and to observe microstructure characteristic of
the layers in a Scanning Electron Microscope (SEM).

KEYWORDS: Advanced Ceramics; Alumina; Niobium Oxide; Silicon
Dioxide; Functionally Graded Materials.

1. Introduction

eramic materials have been widely

studied and used as ballistic protec-

tion mainly due to their characteristics

(such as low density and cost and high hardness and

durability) that offer them good resistance for a rela-

tively lower density than that of other materials used
for this purpose. [1-3]

The development of projectiles with different

shapes and great energy has challenged the deve-

lopment of new ballistic materials. This has led to
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RESUMO: As ceramicas avangadas apresentam diversas aplicagoes,
com destaque para a protegao balistica. Elas sdo bastante utilizadas nesse
campo em virtude de apresentarem elevada for¢a mecanica e baixo peso.
A alumina (AI1203), devido a algumas caracteristicas, como facilidade
de obtengdo e baixo custo, representa wm dos materiais mais pesquisados
e utilizados para essa finalidade de emprego. Entretanto, todo material
tem limitagoes de utilizagdo e nem sempre atende a todos os requisitos
impostos pela necessidade de utilizagdo. Diante disso, solugdes tém sido
pesquisadas no sentido de aumentar a densificagao da alumina e melhorar
caracteristicas microestruturais para promover um melhor desempenho
balistico. Ainda assim, temos oportunidades de melhoria na pesquisa de
materiais comono caso de gradiente funcional, promovendo uma mudanga
de caracteristicas gradual no mesmo corpo cerdmico, o que faz com que
um mesmo material tenha wm comportamento semelhante a wm sistema
balistico de vdrias camadas distintas de materiais, com a vantagem de ndo
ler as concentragoes de tensao desses materiais compdsitos. Dessa forma,
este trabalho objetiva estudar a densificagdo de materiais processados a
partir da técnica de gradiente funcional e sinterizagdo convencional e
observar a caracteristica da microestrutura das camadas e desse gradiente
em Microscopio Eletronico de Varredura (MEV).

PALAVRAS-CHAVE: Cerdmicas Avangadas; Alumina; Nidbia;
Silica; Gradiente Funcional.

an evolution in advanced ballistic personal protec-
tion systems due to their greater demands for new
damage-resistant systems that have relative flexibi-
lity, weight fit for their use, and an efficient energy
absorption capacity. [4]

The evaluation of a ceramic for a given use invol-
ves several factors, such as its ability to dissipate ener-
gy, physical properties, type of production process,
and microstructure. [5]

In general, although silicon and boron carbides
have lower densities than alumina (AlLO,), this com-
ponent has more often integrated ballistic vehicle
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protection materials due to its simpler processing, lo-
wer cost, and better cost/benefit ratio. [6]

Dimensioning a material will ideally enable it to
support tensile, compressive, or rotational stresses.
Thus, any material in isolation rarely guarantees an
adequate response to all types of stimuli, especially
during ballistic impacts. [7]

Doping configures an efficient method to minimi-
ze these limitations. These components help to con-
trol the grain size of alumina during sintering and
physical properties such as densification and mecha-
nical strength. [8]

This research developed its alumina-based ce-
ramic system (ALO,) with 4% by weight of niobium
pentoxide (Nb,O,) at the Military Institute of Engine-
ering ceramic materials laboratory. One of the biggest
gains in using this doping material in alumina-based
bodies stems from its possibility of reducing the sinte-
ring temperature of non-additive alumina from 1600
to 1450°C. This reduction occurs by preserving the
mechanical properties of alumina and enabling this
system to integrate a ceramic component of ballistic
armor. [9-10]

Another method to minimize the limitations of
ceramic materials in isolation refers to assembling a
multilayer shielding system formed by a first layer of
ceramic material and another of a more ductile mate-
rial, such as fiber-reinforced composites. [11-12]

Such shielding system assembly should improve
the behavior of the ceramic material. Japanese rese-
archers proposed another method for the same im-
provement in the 1980s. They needed to develop a
material that would form a thermal barrier as the ou-
ter part of the material would be subjected to a tem-
perature of about 2000 K and its inner part would
have to remain at 1000 K. Such class of material is
now known as functionally gradient materials. [13]

Functionally gradient materials consist of multi-
-layer materials whose constituents show varying vo-
lumetric fractions that are intentionally planned to
ensure a progressive change in the microstructure of
the material along its length. [14]

An advantage of functionally gradient materials

over composites is that the joints of composite mate-

rials tend to concentrate stress, at which point most
cracks generate delamination. [15]

However, producing a material with a functional
gradient by cold uniaxial pressing and conventional
sintering can result in materials with laminations
and other defects that prevent it from further sin-
tering. [16]

The stress concentrations due to the varying ther-
mal behaviors of the materials in the layers cause such
delamination. [17]

The alumina system (Al,O,) with 4% of added nio-
bium pentoxide per weight (Nb,O,) and the alumina
blend (ALO,) with 4% by weight of niobium pentoxi-
de (Nb,O,) and 0.8% by weight of silica (SiO,) show
very similar densification properties but considerable
hardness differences. [10]

Thus, the main premise of this study is that the-
se mixtures of materials can compose a functionally
gradient material for ballistic applications (in which
the hardest layer would constitute the impact surface)
with great chances of good sintering without cracks
and laminations.

Thus, this study aimed to analyze the sintering
of ceramic bodies with a functional gradient ba-
sed on alumina with 4% of its weight of niobium
pentoxide (Nb,O,), and varying amounts of silica
in its compositions (0.04-0.8%) and their densi-
fication, emergence of cracks, delamination, and

morphology.

2. Materials and Methodology

2.1. Starting Materials

The materials used to produce the samples
were: Nb,O,, obtained from Companhia Brasilei-
ra de Metalurgia e Mineragao (Brazil); SiO,, from
the Sibelco brand; and A120r3 APC 11 SG from the
manufacturer Alcoa (Brazil). Moreover, the organic
additive Polyethylene glycol (PEG 300) from the
company Isofar (Brazil) was added to give consis-
tency to the product.

Table 1 shows the densities of the elements used to
make the ceramics:
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Table 1 - Density of the constituent elements in the
produced ceramics.

Nb,O, 4.60
SiO, 2.65
ALO, 3.96
PEG 1.13

The density of the powder mixtures was calculated
considering the rule of mixtures given by equation 1,
which considered the densities of each material and
their mass fractions.

P =Pao, Mano, + Psio, Msio, T )

Prw,o, " Mp,o, T Prec " Mprg

In this experiment, three types of powder mixtu-
res were produced with varying percentages of silica
mass (Table 2).

Table 2 - Mass composition of the samples.

Mixture 1 91.6% 0% 3.82% 5%
Mixture 2 90.69% 0.39% 3.8% 5%
Mixture 3 90.84% 0.77% 3.82% 5%

Then, the density of each powder mixture was cal
culated using Equation 1. The results are shown in
Table 3.

Table 3 - Theoretical density of the powders obtai-
ned by the rule of mixtures.

Mixture 1 3.538
Mixture 2 3.529
Mixture 3 3.526
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2.2. Sample processing

The materials were added to an alumina-lined jar
to homogenize each powder mixture. Deionized wa-
ter in a mass ratio of 1:1 and alumina balls were ad-
ded to this material.

This system was taken to a ball mill for eight hours
and dried in an oven at 80° C for 48 hours.

After drying, these mixtures were deagglomerated
using a pistil and porcelain grail. Then, a sieve shaker
was used to obtain the desired grain dimensions. The
sieve shaker was run for three-minute periods using a
sieve with a 0.355-mm (42 mesh) aperture.

After the three powder mixtures were prepared,
these combinations were organized so that they ge-
nerated seven groups of samples (each with three
samples) when pressed. In total, three of these
groups were composed of homogeneous materials,
one of each mixture of the powders, called “control
groups.” The other four groups, called “treatment
groups,” were composed of materials with a func-
tional gradient, three with two layers (groups AB,
AC, and BC) and one with three layers (group ABC),
according to Figure 1.

Figure 1 - Distribution of samples in the working

groups

Four treatment
groups groups
Alumina, 4% — Group AB
Niobia T
group A
— Group AC
Alumina, 4%
Niébia, 0.4%
Silica group B — Group BC
Alumina, 4% — Group ABC
Ni6bia, 0.8% [
Silica group C
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The ceramic bodies were obtained by uniaxial cold
pressing in a Skay press with a 30-ton capacity. The
ceramic discs were prepared with 47-mm diameter
dies using a 50-Mpa load. After pressing, the mass
and thickness of each sample were measured.

Homogeneous group samples were pressed in two
stages: first a preload was made to settle the material.
Then, a main load of about 50 MPa was used to ob-
tain the insert format for the mixture. In the groups
whose samples consist of materials with a functional
gradient, a preload was performed for each layer of
the material; then, a main load of 50 MPa was made.

Sintering was carried out in two stages. In the first
one, the binders were evaporated following Figure 2.

Figure 2 - Binder evaporation route

Temperature ° C

Time (minutes)
Then, the materials were placed in a Flyever INTI
furnace with a FEBORPN controller to sinter the sam-

ples, according to Figure 3.

Figure 3 - Sintering route

Temperature ° C

Time (minutes)

Then, after the sintered ceramic bodies were ob-
tained, the characterization stages were carried out.

2.3. Characterization

2.3.1. Green density

From the theoretical densities in Table 3 and the
masses and thicknesses measured after pressing, the
green density and densification were calculated by
Equation 2 and 3.

sample

7

sample

P green =

(2)

Desinfication,,, = Bgreen_ 100%

green

3)

theoretical

2.3.2. Densification of Sintered Samples

Apparent and relative densities were calculated by
the Archimedes method according to NBR 16667:2017
[18], using the measurements of immersed mass (m,),
wet mass (m, ), and dry matter (m,), in which m, repre-
sents the specific mass of the distilled water: 1 g/cm?’.
With these parameters, the bulk and relative densities
were evaluated by Equations 4 and 5 and the theoreti-

cal density of the body obtained by Table 3.

d,(g/em’y=—""—.m,
m

(4)

u mi

d

a

P relative

()

2.3.3. X-ray Diffraction (XRD)

X-ray diffraction analysis was performed at IME
using a Panalytical Xpert MRD diffractometer under
Co-Ka radiation and a power of 40 kVe.

The starting powders and the sintered samples
were thus analyzed: In the samples of groups 1, 2,
and 3, this analysis was performed on only one side

RMCT « 19




VOL.40 N°2 2023
https://doi.org/10.22491/rmct.v40i2.10970.en

of the sample. In the samples of groups 4, 5, 6, and 7
(those with functional gradients), it was performed on
both sides. A 30-mA current and a 5-to-809 scan were
used as test parameters.

2.3.3. Scanning Electron Microscopy (SEM)

After the samples were fractured, the fracture sur-
face was analyzed by SEM to obtain more information
about the microstructure of the material and the in-
terface of the layers of the functional gradient groups.

This analysis was performed in a QUANTA FEG 250
scanning electron microscope, in which a beam of 20 kVe
and 5 um in diameter was used. The increases were stan-
dardized at 1000, 5000, and 10,000 X, except for cases
in which the fractured surface was attempted to be ob-
served as a whole, in which case 35 and 75 X were used.

3. Results and discussion

3.1 Green densification of Samples

Table 3 describes the green densification of the

analyzed sample sets.

Table 4 - Green density of the samples.

Group A 2.449 = 0.043 68.57 = 1.26
Group B 2.385 = 0.018 67.32 + 0.54
Group C 2.328 = 0.055 65.73 * 1.34
Group AB  2.384 = 0.029 67.05 + 0.81
Group AC  2.382 = 0.033 66.85 = 0.93
Group BC  2.374 £ 0.017 66.87 + 0.40
Group ABC  2.374 + 0.032 69.10 = 0.90

The results show that adding silica decreased the
densification of the ceramics by up to 2.84%, as in the
literature [10]. The densification of the groups with
functional gradient showed varying behavior in all ca-
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ses. The ABC group stands out for having the highest
densification, an expected result since each layer in-
creasingly resist packaging and arrangement. Another
important point is that all green densities averaged hi-
gher than 55%, the minimum level for good sintering.

3.2 Densification of sintered samples

Table 5 describes the results of relative density of
the samples after sintering.

Table 5 - Relative densification of the sintered sam-

ples.
_ Grows  Relative humidity (%)
Group A 90.28 + 0.75
Group B 88.26 = 3.77
Group C 87.85 £ 5.42
Group AB 92.25 + 3.75
Group AC 91.17 = 3.30
Group BC 90.98 + 1.55
Group ABC 93.23 + 0.45

The results in Table 5 show a decrease in the den-
sification of the material as silica was added, as in the
literature [10,11].

Functional gradient samples averaged better den-
sities than those with homogeneous material. The
samples in the ABC group (three layers of material)
again stand out for their densification. The greater
number of layers increased sample densification, un-
like the literature [16].

3.3 X-ray Diffraction (XRD)

Figures 4, 5, and 6 contain the diffractograms of
each powder before pressing and sintering. Their
mixtures show peaks corresponding to alumina, nio-
bium pentoxide, and silica. This suggests no impu-
rities in the starting materials, which could impair
densification or cause reactions that would change
the microstructure of the sintered material and the
mechanical behavior of the final ceramic body.




Figure 4 - XRD of powder mixture A
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Figure 5 - XRD of powder mixture B Figure 4 —
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Figure 6 - XRD of powder mixture C Figure 4 —
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The diffractogram of the sintered samples indica-
ted the presence of some phases in addition to those
phases in the XRD of the powders.

A phase that plays a fundamental role in the gre-
ater densification of alumina by adding niobium
pentoxide refers to aluminum niobate. This phase
occurred in basically all sintered sample groups, as
per Figure 7.

Figure 7 - XRD synthesized group A sample Figu-
re 4 — XRD of powder mixture A

Counts
B Corundum, syn
B Quartz low
3000 » Silicon Oxide
© Niobium pentoxide
B Tridymite
B Aluminum Oxide
2000 B Aluminum Niobium Oxide
1000
0
20 30 40 50 60 70 80

Position(2Theta Coballt (CO))

3.4 Scanning Electron Microscopy (SEM)

SEM at 1000-, 5000-, and 10000-X magnification
obtained micrographs of the fractures in the mate-
rials. In the samples from the groups with functional
gradient, analyses used a 35-X increase.

The image with a 35-X magnification shows satis-
factory performed material compaction and sintering
and no discontinuity in the transition between the
material layers.

It also shows a predominantly intergranular frac-
ture, which, in general, is inherent to materials with
better impact energy absorption [10].

It also showed a greater porosity on the side of ma-
terial C, which has 0.8% silica. This agrees with the
densification of the material in this study.

Finally, an average grain size occurred on the side
of material A, which shows that the silica influenced

grain growth by mullite. [10]
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Figure 8 - Image of the fracture of the ABC group material on the A-side of the material

4. Conclusions

This study produced advanced ceramics from
three mixtures of alumina powders in which 4%
of their mass comprised niobium pentoxide and
a variable composition of silica (0, 0.4, and 0.8%).
These powder mixtures resulted in seven groups
of ceramic bodies, each with three samples. The in-
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dum
LME-IME

crease in layers may have influenced the increase
in material densification. The materials with a hi-
gher presence of silica had a lower densification.
Finally, cold uniaxial pressing with sintering in a
conventional furnace showed success since the sin-
tered samples showed no delamination and the
transition of the material layers had no discontinui-
ty in the SEM.
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Abstract: This study investigates the combination of maximum
likelihood (ML) with a reduced number of fixed beam steering to
estimate target azimuth in a surveillance radar-based system equipped
with sensor array. This study describes simulation-based performance
results of the estimator using only two fixed beams. It found the great
advantage of the ML solution when compared to a usual monopulse
estimator, which employs the same number of beams. Additional results
show that the investigated ML approach using only one additional beam
can obtain greater performance gains.

Resumo: Investiga-se neste trabalho o emprego de wma abordagem de
mdxima verossimilhan¢a (ML, de “maximum likelihood”) combinada
com um numero reduzido de conformagoes de feixe fixas para realizar
a estimagao do azimule de um alvo num sistema radar de vigilancia
munido de arranjo de sensores. Sao apresentados resultados de simulagao
para avaliagao de desempenho do estimador com base em apenas duas
conformagdes. E possivel verificar que hd grande vantagem do estimador
ML em comparagao com um estimador monopulso amplamente utilizado
que se vale da mesma quantidade de conformagaes. Resultados adicionais

mostram que ganhos maiores de desempenho podem ser obtidos com a
abordagem ML aqui investigada utilizando apenas uma conformagao
de feixe a mais.

Palavras-chave: Radar. Estimagdo de Azimute. Arranjo de Antenas.
Conformagao de Feixe. Mdxima Verossimilhanga.

Keywords: Radar. Azimuth Estimation. Antenna Array. Beamforming.
Maximum Likelihood.

1. Introduction te its position;

¢ Then, the reference direction to direct the anten-

he use of antenna array and digital sig- na is moved to the center of a neighboring sector

nal processing in radar systems configu- to progressively cover the entire region of interest.
res an important current resource use Both primary and secondary radars follow this ba-
that can spatially filter signals, among other opera- ¢ routine. The difference for the problem this study

tions [1-2]. An important issue in this context refers to addresses refers to the origin of the received signal
[5]. In the first case, the signal results from an echo

produced by the target in the reference direction in

estimating the azimuth of a target in relation to radar
reference. The literature has several proposals with
such aim [3-4].

This study focuses on azimuth estimation in search

response to a previous transmission from the primary
radar. In the second case, the signal is received from
and surveillance radars [5] that use a linear array of a transmission made by a cooperative transmitter
antennas. (transponder).
Search and surveillance radars generally follow a In both applications, it is of great interest that the
processing routine in a large volume of space in which:  azimuth estimator has great accuracy in the widest
* the reference direction of the antenna is moved possible angular range around the radar reference
direction [6-7], which can reduce the total coverage

time of the region of interest and thus increase the

to the center of a sector at each time interval to
detect the target and, in case of detection, estima-
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update rate of the position information of target [8].
This study will refer to the ability to satisfactorily es-
timate azimuths around reference directions as the
coverage of the azimuth estimator.

Another desirable requirement for an azimuth es-
timator in search and surveillance radars refers to a
reduced computational complexity due to the need to
repeat its operation at short intervals of time.

A well-known example of a low computational
complexity azimuth estimator refers to monopulse te-
chniques [5], originally implemented using two recei-
ving antennas with distinct angular responses. These
techniques estimate the azimuth by a linear appro-
ximation of the ratio between the difference and the
sum of the signals coming from the above-mentioned
antennas, called monopulse ratio.

In the case of an azimuth estimator based on a
linear array of antennas, an alternative to reduce its
complexity refers to using a limited number of fixed
beam conformations obtained by appropriate linear
combinations of the signals received in the array. The
literature on signal processing offers other uses of fi-
xed beam conformations, such as in [9-12].

Overall, two-fixed beam formations can imple-
ment a monopulse-type estimator with a linear anten-
na array, producing very low-complexity solutions.
However, monopulse techniques only obtain satisfac-
tory estimations if the target is in a small region close
to the antenna reference direction [5,7,13]. In other
words, these techniques have small coverage.

Note that, despite the low possibility of detecting
a target outside this region, it must still be conside-
red. In such cases, a monopulse technique generates
high estimation errors [14], which can be corrected in
other processing steps of a radar receiver, but the se-
arch for alternatives to avoid or reduce them remains
of interest [13].

This study aims to develop and evaluate a more
comprehensive estimator using the maximum like-
lihood technique (ML [15]) using a reduced number
of fixed beam formations.

This research first deduces an ML estimator ba-
sed on multiple beam conformations that address two
other unknown parameters in addition to the azimu-

th. Then, it focuses on azimuth estimation under con-
ditions equal to or close to those usually admitted for
the use of monopulse techniques.

The implementation of ML estimators in this re-
search requires a numerical optimization to find the
value of the argument that maximizes the objective
function. We opted for particle swarm optimization
(PSO) [16-18] for this.

This study shows, by simulation results, that the
ML approach in a small set of fixed beam conforma-
tions can significantly increase the estimation range
when compared to a typical monopulse technique.

This study is organized into six sections. Section
IT describes the model of the adopted system. Section
I11 offers the investigated estimation strategy, section
IV shows the equation of the monopulse technique
used as reference, and section V describes the results
of performance evaluation. Finally, section VI offers
the main conclusions of this study.

2. System Model

This study uses an arrangement composed of N,
omnidirectional antenna elements spaced from each
other by a fixed distance { along a linear structure.
Figure 1 illustrates this type of arrangement.

Fig. 1 - Antenna array model.

The arrangement enables passive reflection by the
target of the signal sent by a primary radar or trans-
mission by a cooperative transmitter with reception of
the signal by a secondary radar. Both situations con-
sider that the wavefront from the target falls on the
radar at an angle ¢ with the direction normal to the

linear arrangement (Fig. 1).
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Considering a scenario with primary radar, the
complex envelope of the transmitted signal is given
by

5(t)=a,(0)p(t), te[0.N,T], (1)
in which
p(t)= 3 ple-mT) 2

in which Np refers to the number of sequential
pulses; 7, the time interval between pulses; 7 (t ) the
basic transmitted pulse shape; and & () a complex
amplitude the modulus of which is related to the
transmission power in the direction 6.

The baseband equivalent of the signal received by
the k-th sensor array can be expressed as [11]

X (t) =a, (e)p(t -7 —ﬁsena) esz’[(fz'*k;senej
C

(3)

+z, (t),

with k€{0,--,N,—1}. The terms f. and A deno-
te, respectlvely, the frequency and wavelength of the
carrier, ¢ is the speed of light and 7 is the delay in
relation to the moment of transmission.

The breadth of @,(8) depends on the strength
from the target (by self-transmission or reflection, de-
pending on the type of radar) and the gain of the re-
ception diagram in ¢. This study takes ¢, (6) as unk-
nown, but not random in nature.

In turn, Z (1 ) represents the thermal noise from
the k-th sensor, which is modeled as a complex Gaus-
sian process with a zero mean and constant power
spectral density in a much larger frequency range
than that occupied by the signal of interest. Equation
(3) ignores a possible Doppler shift of the signal fre-
quency — although this assumption is reasonable for

many applications [19].
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This study assumes! that N,d /¢ <7 | redefining
the complex amplitude by incorporating lag factors
that are independent of the position of the sensor.
Thus, expression (3) is rewritten as

—j2ﬂ(k—N“2_1jgsen9

x (t)=ap(t—7)e

- gSen
in which: a =«, ((9) ﬂr(2fcr N 6)

It is important to note that & depends on 0 and
. However, the problem defined here will disregard
dependence, as in [19,20].

Rewriting (4) in vector notation, we have
x(t)=ap(t-t)a(y)+z(1), )

N=[x ()], and 2(0=[z ()],

configure dimension column vectors N, X1 and

in which x(

a (l//) , the vector director, given by

~ N AT
a (l//) — |:ej[Nazl)W .. e_j(N2 ljw:| , (6)
in which
V= 2ﬂ%sen6’ (7)

with, O e[-7/2,7/2]

The signals generated at the output of the sensors
ar applied as a set of V. fixed bundle forming, as sho-
wn in Figure 2, which illustrates the sequence of the
main operations performed on the receiver.

The signals generated by the conformations are
given by

HO-WHO- )
=ap(t-7)g(v)+v(1), (9

1A valid assumption since the distance from the radar to

the target is usually much greater than N d.
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in which
glw)=m"a(y), (10)
v(t)=w"z(z) (11)

and W is the fixed forming matrix with N, XN,
dimensions. Each column of this matrix corresponds

to the normalized beamforming vector in a given di-

rection 0, € [_77/2,” / 2], defined as

1
W, def ——=a(v.), (12)

a

with ce{l’m’N"}, a(.) defined in Equation (6)

and y, = 27zzsei16’C .

Fig. 2 - Receiver block diagram.

Estimacao de
Azimute

a

x(1t) r
\ 4

Conformagoes Fixas
de Feixes Amostragem

(1) L _Iy(t) (1)

Note thatif W unitary, i.e., wwh =1 , the noise vec-
tor v(7) has the covariance matrix E[V(t)vH (t):l =o'l
. [15] has shown that this condition is achieved if
0% _acj =2k7T/Na , Vci,cj S {0,...,Nc -1Yand ke Z.

As Figure 2 shows, the signals resulting from the

Arranjo de Antenas

Filtros Casados

beam conformations pass through matched filters
and are sampled, giving rise to the input of the azi-
muth estimator. The sampling times given by

=ty +(I-1)T,+(m-1)T, (13)

,m

toward M€ {L...N,} and I €{1,....L}in which L is
the number of successive samples per pulse and T,
the time interval between samples.

This study takes that the pulse at the outlet of the
matched filter has significant energy in the range of
T, seconds and that the initial instant 7}, is such that

toe[T—Tp/2;r+Tp/2]. (14)

Figure 3 shows an example in which the pulse at
the outlet of the matched filter is triangular.

Figure 3 - Example of sampling instants.

The N,L samples obtained for each beam con-
formation are assembled in the vector r dimension

(NCLNp)xl given by

r=an(y,7)+, (15)

in which
g(v)+

¢(y.7)= gZ(V;h , (16)
gy (v)+

in which &, (‘//) is the ¢-th element of the vec-
tor & (‘//)
a (LN » )Xl dimension with samples from the square
wave resulting from the filtering of £ (t - T) obtained

in Equation (10) and X, is a vector with

at moments tg,m .
Still in expression (15), the noise vector n it is
Gaussian with a null mean, which can be expressed as

n:[n1 ny. JT, (17)
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In which 7. is the column vector that gathers the
samples of the filtered noise associated with the ¢-th
conformation.

Therefore, from (15), the vector of observations r
Gaussian with the following vector mean

u=E[r]=an(y.7) (18)

and the following covariance matrix
2=E|(r-p)(r=p)" |=E[m"],

which can be expressed in blocks such as

3 e Y

C GCN,

(19)

X= : (20)

NG N CN,

in which =, =E[n n! |with ¢»¢; & {l N}

3. ML Estimation

The vector of observations r in Equation (15) is
Gaussian, with only the mean vector dependent on
the parameters (05, Ta‘//). Therefore, the logarithmic
likelihood function [15] can be expressed as

l((a,f,t//);r)=

-1

5 (r=an(y. o)) =" (r-an(y.c))+£,

in which & is a scalar constant that dispenses with

(21)

the parameters @,7 and ¥ - The maximum likelihood
estimate [15] of these parameters is the argument that
maximizes ! () or, equivalently,

(O?ML (7). 2y (7). W10 (r)) =a;("§mi)n v(a,o,pir), (22)

in which

Harair)=(r=an(y.2))" = (r—an(y.c)). ©3)
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A

Ay, (’” ) can be obtained from the
equation below, which establishes a necessary condi-

The estimate

tion for minimizing V(-), depending on the parame-
ter & :
ov

=0
oa

(24)

a=a,,

After some algebraic manipulations, considering
that 2 dispenses with & , we arrive at

¢"(y,7)0'r
¢" (v, 7)0"¢(y.7)"

With the above result, the strategy adopted to de-

Ay ()= (25)

termine the ML estimate of (7, ‘//) refers to replacing
Equation (25) in Equation (23), obtaining, after a few
steps, the following solution:

¢ ()07
¢’ (y,7)0 ¢ (y.7)

which requires the implementation of numerical

(fML (r)ﬁl/;ML (r))zargmax , (26)

(=)

optimization.
Once the estimates of (f v (7)o W (7 )), we return
to Equation (25) to obtain @, (7).

3.1 Unit conformation matrix

If the matrix W of conformation is unitary, it is
easy to find that 2., =0 (null array) to 7# J. This
shows, based on the expression in Equation (20), that
¥ configures a diagonal block matrix.

Thus, the ML estimates of the parameters of inte-
rest are given by

N, Hy-1 2
‘Zczlgc (w)x.'z.r,

S e v 25l

(&

(27)

(fML (r)’l/}ML (”)) = argmax

(z.v)

and

a,, (r)z

in which 7. the vector of observations obtained for
the ¢-conformation.
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Note that the vectors and matrices in Equation (27)
have dimensions V. times smaller than in Equation
(26), making the optimization procedure computatio-
nally much simpler.

3.2 Numerical optimization

We chose to use the PSO technique to numerically
obtain the azimuth and delay estimates in equations
(26) and (27).

The original PSO algorithm was described in [17].
It uses a swarm formed by a set of particles that evol-
ves over iterations to perform a very flexible scan of
the search space for the optimal value of the objective

function. Use cases of the PSO algorithm in ML para-
meter estimation have been described, for example,
in [16,18,21]. This study chose the version of this al-
gorithm called Accelerated Particle Swarm Optimiza-
tion (APSO), which shows rapid convergence [22].

4. Monopulse technique

Monopulse-type techniques [5] based on a linear
array of sensors simultaneously generate two values
resulting from beam conformations (Figure 4). Cal-
culating the ratio between the difference and the sum
of these values obtains the monopulse ratio, which is
used to achieve the azimuth estimate.

Fig. 4 - Azimuth estimation by monopulse radar with sensor array.

diferenca

angulo
estimado

4.1 Monopulse amplitude

The specific case of the monopulse amplitude te-
chnique define the two beam formations with symme-
trical inclinations in relation to the direction normal
and W,

used conformation vectors, corresponding respecti-

to the linear arrangement. W,, refer to the

vely, to the ¥, sand ¥-s slopes, which are expressed

according to equation (12).

conformacéo 1

conformacéo 2

arranjo de

sensores alvo

Moreover, after filtration, the signals from these con-
formations are sampled at instant ¢ =, =7, obtaining,
based on equations (15) and (16), the vector given by

. O‘lew}a(‘/’)"'”m L (29)
aleu/_oa(‘//)—l_nw

-0

In which n, and 7, are noise samples associa-
Yo Vo

ted with the respective conformations.
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The monopulse ratio consists of

Y defrl_72

=+ >’

(30)

in which r, and r, are the first and second ele-
ments of r in the Equation (29) , respectively.
The idealized monopulse ratio disregards the noi-

se portions in Equation (30), given by

(., —w,: )a(y)

(w +w )a(l//)'

Ba(v) def (31)

Substituting equations (12) and (6) into the pre-
vious equation and assuming an odd N 2 obtains, af-
ter some algebraic manipulations,

(v
L
1/2+ Z

Dtz sen(ky ) sen(ky,)
N 1/2 ( )

B ('//) cos kl//)COS(k'//o)

The linear approximation of B (‘// ) around ¥ =0
is given by

B (V/)zﬁ;d (O)l//, (33)

in which :B;d (0) is the derivative of Bu (‘//) in
¥ =0, which can be calculated by the expression

S hsen (k)
1/2+ ZN -1)(N, 1)/2 (kllfo)

(34)

Bu(0)=

Assuming that the real part of the measured mo-
nopulse ratio in Equation (30) can be approximated
by B, (v)and that this can be approximated by (33),
we finally arrive at the following expression for the
estimate of ¥ . Using this monopulse amplitude te-
chnique:

2 The development considering N, pair is quite similar.
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Fig. 5 - Illustration of the evolution of four swarm
particles in the implementation of the ML(2) estima-
tor with SNR = 20 dB and target azimuth at 0 rad.

g = iﬁe[ p ]
mp ﬂi‘d (O) )
In which ?ﬁe[] denotes the actual part of the

argument and ,B,d( ), a constant calculated using
equation (34).

(35)

5. Performance Assessment

This study carried out simulations of a radar re-
ceiver with a radar array, with N, =0  elements
spaced d = A/2 apart and a signal with a basic rec-
tangular pulse.

The considered signal-to-noise ratio (SNR) is gi-
ven by dividing the average power of the signal of
interest at the input of the array by the average noise
power in the frequency range occupied by this signal.
For this, the bandwidth was considered the inverse of
the duration of the basic pulse.

The comparison with amplitude monopulse only
considered two conformations (N, = 2) in the use of
the ML technique.

In the following text, ML(N ) denotes the ML esti-
mation technique with N_conformations and MA, the
monopulse amplitude estimator above.




This comparison assumes the delay parameter (t)
is known, which is usually done in studies addressing
monopulse techniques [5,6,7,14].

In more specific terms, ML estimates were obtained
as a solution to the optimization problem in ¥ with the
objective function given by equation (26), assuming the
known value of 7 . It is worth remembering that ¥ has
a one-to-one relation with the physical angle of arrival
of the signal at the input of the array in Equation (7).

Regarding the APSO algorithm, the number of
used particles totaled 30 and the number of iterations
until the stop was empirically adjusted and totaled 15.

Figure 5 illustrates the evolution over iterations
of the four-particle azimuth estimate cluster by the
APSO algorithm, which was obtained with SNR = 20
dB and target azimuth at 0 rad.

In Figure 5 shows that, from the eighth iteration
onward, a significant concentration of estimates occur
around the real value of the target angle.

On the other hand, Figure 6 shows three examples
of the evolution of estimation error obtained with a
swarm of 30 particles and 30-, 20-, and 10-dB SNRs.

A rapid stabilization of the error and coherence
between SSR and error occur, in the sense that the
increase in the former is associated with the reduction
of the latter. Other tests of this type have observed
similar behaviors.

Figure 6 - Estimation error with the ML(2) techni-
que and different RSR values.
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This study now describes the results of empirical
evaluation of polarization, variance, and mean square
error (MSE) of different estimators, obtained based
on 2,000 independent achievements.

A first performance comparison between the
ML(2) and MA techniques was performed with slopes
¥., =10,028 Rad. Figure 7 shows the results obtai-
ned with a 10-dB of SNR.

This figure evinces that the performance of the
MA estimator is practically identical to that of the
ML(2) estimator for low values of target azimuth,
with very significant differences for higher values,
especially the growth of the polarization of the mo-
nopulse estimator above 0.04 rad. It is also noticed
that the performance degradation of this estimator
increases to higher azimuth values, so the MSE in-
creases rapidly.

These performance characteristics of the MA esti-
mator can, to a large extent, be seen as a direct conse-
quence of the inaccuracy in the linear approximation
of the monopulse ratio, which increases with greater
azimuth values. Figure 8 illustrates this effect for the
idealized monopulse ratio corresponding to the con-
ditions in Figure 7.

Figure 7 - Performance of ML(2) and MA estima-
tors as a function of target azimuth with a 10-dB SNR.
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Figure 8 shows that, in fact, the linear approxima-
tion is satisfactory for azimuth values slightly below
0.04 rad and becomes generally inadequate with azi-
muths above this value.

Figure 8 - Idealized MA ratio and its linear appro-

ximation as a function of the target azimuth.
10 ; ; ;
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Regarding the ML(2) estimator, Figure 7 shows it
has practically negligible polarization for azimuth va-
lues up to about 0.09 rad.

The results of this figure show, as a whole, that
the ML(2) estimator has a significantly higher ove-
rall performance than the MA estimator for azimuth
values from 0.04 to 0.09 rad, significantly increasing
coverage.

Figure 9 results were obtained with an SNR of 20
dB and the same slopes ., =%0,028 Rad. The-
se results confirm the increase in coverage from the
ML(2) estimator when compared to MA. In particu-
lar, results are practically identical to those of Figure
7 regarding polarization comparison.

This research performed a more detailed analysis
of the objective function of the ML(2) estimator was
performed and found that the increase in the azimu-
th of the target can lead to the frequent occurrence of
two local minima of this function, as illustrated in the
example in Figure 10.

In this figure, the objective function the ML(2) es-
timator used shows two very close minimum values,
associated with values that quite differ from its argu-
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ment, one of which corresponds to the correct azi-
muth of the target. Situations similar to this can lead

to high estimation errors and consequent increase in
the MSE.

Figure 9 - Performance of ML(2) and MA estima-
tors as a function of target azimuth with a 20-dB SNR.
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However, this study found that the increase in the
number of used conformations reduces the intensity of
this problem. The results below illustrate this finding.

Fig. 10 - Example of an objective function used by
the ML(2) estimator, obtained with a 0.10-rad target
azimuth and a 20-dB SNR.
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5.2 Increase in the number of formations

To implement the ML(3) estimator, a conforma-
tion with a ¥ =0 rad slope and two conformations
with ¥, =%0,056 Rad slopes were used. The used
conformations with the ML(2) were the same as
those above.

The Figure 11 shows the performance results ob-
tained with these estimators for an SNR of 10 dB.

Fig. 11 - Performance of the ML(2) and ML(3) es-
timators as a function of the target azimuth with a 10-
dB SNR.
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Fig. 12 - Performance of the ML(2) and ML(3) es-
timators as a function of the target azimuth with a 20-
dB SNR.

T
0.1 T
£ A ML)
2 O ML3)
T g@ge&ﬁﬂﬂﬂ&;x
N
= o
5 000CE
o -0. ' : : : : :
o 0 0.02 0.04 0.06 0.08 0.1 0.12
¥ (rad)
‘%‘ T T T T T
©
= MAAM@@EEB@@@@&%
S sl AABALBDNBAD O T2 o] ]
£ 107 L anncncssssstbtitino000000000000
L o ML3)
g L L L L L L
0 0.02 0.04 0.06 0.08 0.1 0.12
¥ (rad)
) POAANNBRRRRRRRR
[l
= iy o}
105k AAAANALLNLY A0O00 A ML) |
2 17 L n0000006866666600500000000000 oo
w
0 0.02 0.04 0.06 0.08 0.1 0.12
¥ (rad)

The use of three conformations can improve esti-
mation coverage, providing an MSE that remains fun-
damentally stable up to azimuth values of the order of
0.105 rad, which represents an increase of about 20%
over the coverage of the ML estimator(2).

Figure 12 shows the performance results of the
same estimators obtained with a 20-dB SNR. This fi-
gure shows an improvement due to the increase in
the SNR and that the ML(3) estimator increases cove-
rage by around 20%.

Other simulations show ML estimations can obtain
even greater gains of coverage if combined with the

use of more than three conformations.
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5.3 Computational complexity

The investigated ML estimators performed better
than the MA estimator but have higher complexity,
mainly due to the need to implement numerical op-
timization.

However, it should be noted that there remains
room for research for algorithms for this implemen-
tation with reduced computational cost. This study
implemented with APSO [22] but other alternatives
exist and may be tried in future researches, for exam-
ple, combining techniques — as suggested in [14] —
or using approximate objective functions (in relation
to the original objective function), reducing the com-
putational costs of optimization.

Conclusions

This study investigated the use of maximum li-
kelihood (ML) to estimate the azimuth of a target in
radar systems with sensor array. The considered re-
ceiver model subjects the set of signals at the output
of the array to fixed beam conformations, followed by
filtering and sampling steps, to generate the vector of
observations to estimate angles.
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This study first evaluated an ML estimator that
can produce delay parameters and obtain complex
amplitude of the received signal. Then, it inves-
tigated the performance of a simplified version of
this estimator, aimed only at obtaining the azimuth,
using two beam conformations. Compared to the al-
ternative, which uses the monopulse technique, the
evaluated ML azimuth estimator provides accurate
estimates at longer intervals but has a higher com-
putational cost as it requires numerical optimization
to obtain its estimates.

ML to estimate the azimuth and found that an addi-
tional conformation improves the initially verified
performance advantages.

Directions for the continuation of this investigation
in future works were pointed out, especially aiming at
reducing the computational complexity of ML esti-
mators. Still in the perspective of continuing this re-
search, it should be noted that, assuming the use of
a two-dimensional array of sensors, the ML solution
considered here can easily be extended to encompass
the target elevation angle. The investigation of the

This research also evaluated the effect of a small performance of the position estimator thus obtained

increase in the number of input conformations in the also offers an alternative for future studies.
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ABSTRACT: The development of ballistic materials resistant to new
threats is a topic of great concern on the global stage. In 2018, the
Ministry of Defense established the Joint Operational Requirements
(JOR) for the Armed Forces” ballistic protection materials. Until now,
the Defense Industrial Base has not presented a ballistic solution for
some of the calibers surveyed. In this scenario, equipment has been
chosen that allow greater mobility for the user combined with protection
against calibers with greater kinetic energy. Thus, this article aims to
present a review of materials to compose a Multilayered Armor System
(MAS) for stand alone plates for assault vests, in addition to presenting
the standards and conditions for evaluating ballistic materials adopted
in the domestic and international context.

KEYWORDS: Ballistic plate. Stand alone. MAS. Joint Operational
Requirements (JOR).

1. Introduction

he evolution of humanity can be descri-

bed through the battles fought by its va-

rious civilizations, in which scientific and
technological advances played a fundamental role in
determining the winners. The Persians were the first
people to be concerned with personal protection, and
began to use straw vests [1]. Over the centuries, the-
re has been great evolution in these devices, which
are currently represented as ballistic protection vests
and helmets, known as personal ballistic protective
clothing [2]. Those pieces of equipment can be made
from various types of raw materials, such as metals,
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RESUMO: O desenvolvimento de maleriais balisticos resistentes a
novas ameagas é um tema de grande preocupagdo no cendrio global.
Em 2018, o Ministério da Defesa estabeleceu os Requisitos Operacionais
Conjuntos (ROC) para os materiais de prote¢ao balistica das For¢as
Armadas. A Base Industrial de Defesa ndo apresentou, até o momento,
solugdo balistica para alguns dos calibres levantados. Neste cendrio,
tem-se optado por equipamentos que permitam wma maior mobilidade
ao usudrio, aliada a prote¢ao contra calibres de maior energia cinélica.
Assim, o presente artigo tem por finalidade apresentar wma revisio sobre
materiais para comporem um Sistema de Blindagem de Multicamadas
(SBM) para placas do tipo stand alone para coletes de assalto, além de
apresentar as normas e condigoes para avaliagio de materiais balisticos
adotadas em ambito interno e internacionalmente.

PALAVRAS-CHAVE: Placa balistica. Stand alone. SBM. Requisitos
Operacionais Conjuntos (ROC).

polymers, ceramics, composite materials, including
those formed by natural fibers, which, through their
combinations, generate products that can be repre-
sented in four main assessment parameters: protec-
tion level, useful life, weight, and cost [3].

Metallic materials were the precursors in perso-
nal armor, and copper alloys were replaced by fer-
rous materials, but the high specific weight of these
materials ended up being an obstacle to keeping on
being applied in personal armor. Currently, metallic
materials are used in solutions where weight is not a
determining factor in their use. An example to men-
tion is their application in combat vehicles, armored
vehicles, ships and military aircraft, where there is im-




pact resistance, tensile strength, ductility, and hard-
ness [4-5].

Polymeric materials revolutionized personal
ballistic protective equipment through the develo-
pment of Kevlar® in the 1970s, a synthetic para-
-aramid fiber with a complex molecular structure
that has low density and specific resistance, higher
than steel [6]. Ultra-high molecular weight polye-
thylene (UHMWPE)

Ceramics are extremely hard and resistant to
compression and wear. When used in ballistic ma-
terials, they are applied to the outermost protec-
tion layer, as their high hardness allows projectile
erosion and shattering, increasing the impacted
area between projectiles and armor and dissipating
the impact load. Furthermore, the broken ceramic
causes mutual erosion with the projectiles, produ-
cing lateral forces that impact the flow and prevent
greater penetration [7]. The most used ceramic
materials in personal ballistic armor are alumina
(AL O,), boron carbide (B,C), silicon carbide (SiC),
and silicon nitride (Si;N,), which have a wide varia-
tion in their properties and processing costs [8-9].
Ceramic materials can be applied in conjunction
with materials with greater ductility, such as ara-
mid fiber sheets (Kevlar, for instance) or UHMWPE
sheets[10], forming a Multilayered Armor System
(MAS). Fibers and polymers have greater tough-
ness, specific strength, specific modulus, fatigue
resistance, wear resistance and shock absorption
compared to ceramics, and when used as material
on the back of ceramic plates, they act together, slo-
wing down the ceramic material traction, serving
as a support for the shrapnel and allowing greater
kinetic energy loss [11].

Many countries have their own standards for
classification of ballistic protection levels and per-
formance of ballistic tests. The standards that are
most recognized in this scenario are from the USA
National Institute of Justice (NIJ). These standar-
ds, however, are directed at ballistic materials to be
used by Public and Private Security Agencies, and
do not cover possible threats in which the Armed

Forces can be used in various theater of operations,
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and the different USA Armed Forces have their own
specific standards [12]. Until 2018, the Brazilian
Armed Forces used only NIJ standards to define
the protection levels to be adopted. Nevertheless,
through Normative Ordinance No. 14/MD, of Mar-
ch 23, 2018, the Joint Operational Requirements
(ROC) [13] were defined for the ballistic materials
to be adopted by the three forces (Army, Navy and
Air Force) [14].

Considering the new requirements and the new
strategic demands — Joint Operational Requirements
(ROC) — established by the Ministry of Defense, which
provide for the adoption of ballistic vests resistant to
calibers 5.56 x 45 mm (M855/SS109) and 7.62 x 39
mm MSC (mild steel core) (M43) [13], with defined
dimensions and weight, this review aims to present
potential materials for application in an MAS ballistic
solution, so that such materials can be used as stand
alone plates in assault vests. Stand alone plates are
integral pieces of 250 x 300 mm that, without the
combination of any other type of protection, offer
ballistic protection at the desired level. An MAS so-
lution for composing these plates consists of the first
layer of ceramic material and the second layer based
on polymeric material. Within this scope of materials,
several candidate materials for this composition will
be presented.

2. Personal ballistic protection

2.1 Evolution

Over the centuries, wars have been decisive for the
expansion or extinction of countless nations, and they
are directly responsible for the evolution of humani-
ty in various fields, especially in scientific discoveries
[15].

With the evolution of battle scenarios, humankind
felt the need to increasingly improve its protection.
The Persians then developed straw vests, which ser-
ved as protection against arrows and impact. These
devices were improved by the Greeks and Romans,
who used copper and bronze, as seen in Figure 1 [16].
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Fig. 1 - Roman armor.

Source: [16].

The first version of ballistic protection equipment,
which resembles current models and provides mobili-
ty to the user, dates back to the 18" century in Korea,
where a garment was developed using layers of cot-
ton in sufficient quantity to protect against firearms of
the time, as seen in Figure 2 [17]. In Japan, garments
were produced with thirty layers of silk that provi-
ded protection against projectiles fired by weapons
that used black powder as a propellant [1]. In the 19"
century, vests made from metal materials were deve-
loped, but they were still very heavy, hindering the
user’s mobility [18-19].

In 1902, in Chicago, United States of America, a
garment was developed consisting of a mixture of
1.6 mm metal sheets between four layers of silk. This
device weighed less than one kilogram and provided
protection for .44 caliber [18]. This product became
a success for the time; however, the heat and high
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cost, due to the amount of silk applied, caused the
US Army to disapprove such equipment for use by its
troops [19].

Fig - 18" century Korean ballistic protection.

Source: [17].

In 1902, in Chicago, United States of America, a
garment was developed consisting of a mixture of
1.6 mm metal sheets between four layers of silk. This
device weighed less than one kilogram and provided
protection for .44 caliber [18]. This product became
a success for the time; however, the heat and high
cost, due to the amount of silk applied, caused the
US Army to disapprove such equipment for use by its
troops [19].

In the First World War, the Americans equipped
their soldiers with a combined piece that covered the




torso and head, the Brewster Body Shield. It was a piece
of equipment built on the basis of a metal alloy of chro-
mium and nickel, which provided protection against ri-
fle shots, but weighed about twenty kilograms [19].

In 1918, the first piece of news of the application
of ceramic materials for ballistic purposes was relea-
sed, different from all the models developed to date,
which were composed of metals or natural fibers as
fabrics. English major Neville Monroe Hopkins dis-
covered that applying a thin layer of enamel to the
surface of rolled steel increased the ballistic plates re-
sistance to penetration [20].

During World War II, bomber crews wore a vest
that protected the entire torso and seat of the soldiers
(Figure 3) [21].

Fig. 3 - Model of ballistic vest and helmet used by
bomber crews.

Source: [21].

American soldiers who were sent to the Korean
and Vietnam wars used flak jackets, which were pad-
ded jackets made of fiberglass sheets, nylon and alu-
minum, and intended to protect soldiers from grena-
de shrapnel. Nonetheless, their low effectiveness and
heavy weight made this equipment inviable to be used
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after the creation of lighter and more efficient mate-
rials, such as Kevlar [1, 22].

The Americans were the pioneers in the use of
ballistic protection for police forces. The increase in
cases of homicides of security agents in the 1960s mo-
tivated the United States government, through the
NIJ, to develop a ballistic protection vest for police
use. The NIJ has since become the world reference
body for classification of ballistic protection levels, as
well as testing and normative instructions on ballistic
vests and personal armor [1, 22].

In the 1960s, artificial aramid fibers for ballistic ap-
plications emerged, which were responsible for the revo-
lution in protective equipment. At that time, DuPont®,
the North American company, developed Nomex®
to replace metal in racing car tires and then Kevlar®,
which came onto the market in 1970, which is the most
widely used synthetic fiber in ballistic protection to this
day [23]. Aramid combines strength, low specific mass
and flexibility, which enabled unprecedented advances
in the production of modern ballistic vests [24].

In the 1970s, ceramic materials were developed
for ballistic protection with the aim of reducing the
weight of personal and aircraft armor (Figure 4) [25].
At that time, ballistic plates based on AlQOS, and B,C
were developed, obtained by hot pressing and liquid
phase sintering [26].

Fig. 4 - Ballistic vests with ceramic material inserts
used by the Americans in the Vietnam War.
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Source: [25].

In the 1980s, larger ceramic plates were developed
for use in vehicle protection. In this decade, the Per-
sonnel Armor System for Ground Troops (PASGT)
was developed by the US Army, which was an impor-
tant ballistic protection system used by the Americans
in the 1980s and 1990s [27] (Figure 5) [28].

Fig. 5 - PASGT ballistic vest.

Source: [28].
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Current vest models, through improvements in their
raw materials, adapt to the mission for which the soldier
will be deployed, and can offer a larger or smaller cove-
rage area and higher or lower protection levels, always
in contrast with the mobility required in combat, since
the larger the area covered and the protection level, the
lower the soldier mobility. In this sense, the materials
used by bomb disposal agents protect the entire body
(Figure 6) [30], while special forces operators adopt as-
sault vests, which only have high-level inserts for frontal
and dorsal ballistic protection [29].

Fig. 6 - Bomb suit.

Source: [30].

In this context, the US Army uses the concept of
a modular vest called Improved Outer Tactical Vest
(IOTV), and accessories can be added to or removed
from which depending on the type of operation (Fi-
gure 7) [27, 31]. For missions that require maximum
mobility, the Soldier Plate Carrier System (SPCS) is
used (Figure 8) [32], which was designed to reduce the
weight carried by soldiers on specific missions [27].



Fig. 7 - American modular IPTV vest.

Source: [31].

Fig. 8 - American assault SPCS vest.

Source: [32].

2.2 National bhallistic vest

The ballistic vest model adopted since 2004 by
the Brazilian Army (EB) and other Brazilian Armed
Forces is the Outer Tactical Vest (OTV), which is the
model prior to the IOTV adopted by North Ameri-
can troops, which was developed in the 2000s by the
Americans to replace the PASGT [33].

The vest adopted by the EB has a front opening
system, as shown in Figure 9, and is composed of a
cover, a left front ballistic panel, a right front ballistic
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panel, a dorsal ballistic panel, a frontal ballistic plate,
and a dorsal ballistic plate. The vest may also include
accessories, neck protector (or collar), pelvic protec-
tor, glute protector, and shoulder protectors.

Fig. 9 - Front (e) and dorsal (d) image of the vest
adopted by the EB.

3. Standards for classification and
performance of ballistic tests

The protection specified for the EB vest is NIJ
0101.04 level I1I [34], obtained through the joint ac-
tion of the ballistic panels and plates, while the ballistic
panels alone provide level I11-A protection, and using
ballistic plates with no use of the panels is not allowed.
The ballistic panels (flexible) are inserted into inter-
nal pockets of the cover, while the plates (rigid) are
inserted into the external pockets of the vest cover.

RMCT - 41




VOL.40 N°2 2023
https://doi.org/10.22491/rmct.v40i2.11238.en

The stand alone plates (Figure 10) [36] can be
used in assault vests (Figure 8), which are equipment
in which the ratio between coverage area and mobility
is reduced, but, on the other hand, higher protection
levels are sought for the covered region. This type of
vest is called a Plate Carrier [35]. This format is widely
used by troops who are deployed in actions involving
imminent confrontation with the enemy, such as Spe-
cial Forces troops on assault and rescue missions.

Fig. 10 - Stand alone ballistic plate.

Source: [36].

The definition of the characteristics of the equip-
ment adopted by the EB personnel must follow the
requirements established by the General Manage-
ment Bodies (ODG) in consultation and coordination
with the Sector Management Bodies (ODS) and the
Operational Management Body (ODOp).

The ballistic vest is considered a Military Employ-
ment Material (MEM), and thus it must comply with
the provisions of the Life Cycle of Military Employ-
ment Systems and Materials (SMEM), regulated by
the Ordinance of the Army Commander No. 233, of
March 15, 2016, which approved the General Ins-
tructions for the Management of the Life Cycle of
Military Employment Systems and Materials (EB10-
-1G-01.018), 1* Edition, 2016. The process of deve-
loping a new material focuses on the first and second
phases of the four phases provided for in the MEM
Life Cycle, which are [37]:

* 1" phase: conceptual formulation;

* 2" phase: acquisition;

* 3" phase: production, use and maintenance;
* 4" phase: deactivation.

Table 1 summarizes the main documents provi-
ded for in EB10-1G-01.018 for the first phase of the
SMEM Life Cycle [37].

Tab. 1 - Documents prepared in the conceptual formulation phase

Document containing information nec-
essary to guide the integrated SMEM

Understanding of Opera-
tions (COMOP)

design, such as: mission, operational en-
vironment, types of operations, function-

Army General
Staff (EME)

alities to be performed, and intentions

(expected performance).

Conceptual
formulation

Doctrinal and Operational
Conditions (CONDOP)

Document containing the parameters
that define the use and expected perfor-

Army Doctrine

mance of a given MEM, considering the Center
Land Military Doctrine. This document (C Dout Ex/
constitutes the basis for the preparation COTER)

of the Operational Requirements (RO)
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Document that follows the doctrinal and

Operational
Requirements (RO)

operational conditions in the process of ob-
taining a MEM, which embodies its charac-

4" deputy chief
office of the EME

teristics restricted to operational aspects.

Document based on the RO and that O?ggzztéz(;?lt d
Technical, Logistical and consists of establishing the technical,
. . . . . . Technology (DCT)
Conceptual Industrial Requirements  logistical, and industrial characteristics and
formulation (RTLI) that the system or material must have to ..
meet the operational requirements Logistics Com-
p q : mand (COLOG)
Document that indicates the technologies
Technology Mapping necessary to obtain a system or material DCT
(MAPATEC) through R&D&I, as well as the flow to

obtain them, in chronological order.

Source: [37].

After preparing all the documentation mentioned
in Table 1, the EME summons the ODS to hold the
First Decision-Making Meeting (1** RD) that will de-
termine whether or not to continue the life cycle for
the acquisition phase, which will begin with the order
issued at the 1% RD, so that the SMEM can be acqui-
red, through Research, Development and Innovation
(R&D&I) and/or acquisition projects, after their in-
clusion in the EB’s project portfolio [37].

In the case of acquisition through R&D&I, the aim
is to obtain a prototype and, subsequently, the pilot
batch of the system or material with the desired te-
chnical and operational characteristics, through the
following steps:

a. acquisition of the prototype;
b. evaluation of the prototype;
c. production of the pilot batch; and
d. evaluation of the pilot batch.

The SMEM can be acquired on the domestic or
foreign market to meet the needs identified, with a
specific assessment being planned, in which there is
verification of the conformity of the system or mate-
rial to be acquired with the standards and technical,

operational, and logistical requirements established
by the EB during the 1** RD.

Once the acquisition phase is completed, whether
by R&D&I and/or acquisition project, and the con-
formity of the assessed system or material is confir-
med, the Second Decision-Making Meeting (2" RD)
is held, which concludes this phase, determining whe-
ther or not to carry out the doctrinal experimentation
for the system or material, as well as its adoption and
continuation to the production, use, and maintenan-
ce phase [37].

In short, for the development of a new product,
several Army bodies are mobilized, jointly generating
the documents listed in Table 1. Among the listed do-
cuments, the RO stands out, as it is in this document
that the general product characteristics will be defined,
such as in the case of ballistic vests — model, shape, size,
weight, protection levels, among other items —, so that,
basically, the RTLI can determine the conditions for
evaluating the requirements established [37].

For the ballistic protection vest, the following do-
cuments were prepared as provided for in EB10-
-1G-01.018 [37]:
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a. COMOP No. 03/2018, of the Brazilian Comba-
tant System (COBRA), published by Ordinance
No. 156-EME, of August 13, 2018;

b.  CONDOP No. 017/2018, of the Brazilian Comba-
tant System (COBRA), published by Ordinance
No. 090, of August 20, 2018;

c. RO No. 32/2019 - tactical ballistic vest, published
by Ordinance No. 054-EME, of March 13, 2019;

d. RTLI of the tactical ballistic vest, published by
Ordinance No. 088-EME, of March 27, 2019;

e. MAPATEC of the tactical ballistic vest, a DCT’s
internal document.

In addition to the documents listed above, when
a product is common to the three Armed Forces, the
Ministry of Defense may issue documentation for
standardization of requirements, the Joint Opera-
tional Requirements (ROC). By means of Normative
Ordinance No. 14/MD, of March 23, 2018, the ROC
were defined for, among other materials, bulletproof
vests and stand alone ballistic plates. Therefore, the
RO published in 2019 have practically the same pa-
rameters raised by the 2018 ROC, with the exception
that, for the stand alone plate, there is only the ROC
to date [13].

The requirements established for the bulletproof
vest and plate in the RO and/or ROC are divided into
Absolute Requirements, which are those that a given
MEM must have, and Desirable Requirements, which
are those that may or may not be requested from ma-
nufacturers, according to the demander’s request at
the time of acquisition. The Absolute Requirements
for stand alone vests and plates include the following
calibers for ballistic protection [13]:

a. .44 Magnum S]SP;

9 x 19 mm Luger;

5.56 x 45mm (M193) (lead core);
7.62 x 39mm (M193) (lead core);
7.62 x 51mm FM] (M80).

These calibers correspond to NIJ 0101.06 level

I11 [38] or N1J 0123.00 RF1 [39], as will be seen in

section 3.

o a0 o

The calibers requested in the Desirable Require-
ments for vests and plates, which correspond to NIJ
0123.00 RF2 are as follows [13]:
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a. 7.62x 39 mm MSC (M43);
b. 5.56 x 45mm (M855/ SS109);
c. 7.62x51 mm AP

These calibers correspond, respectively, to the
special levels of NIJ 0101.06, known in the market
as “III+” and “II1++,” the latter being equivalent to
NIJ 0101.06 level IV [38].

Therefore, as a result of the demand by the Mi-
nistry of Defense and corroborated by the EB, accor-
ding to the ROC and RO, respectively, it is important
to delve into studies that present the possibility of a
ballistic manufacturing solution that meets the requi-
rements established.

It is therefore worth noting that there is no natio-
nally manufactured product that meets such desira-
ble requirements. These calibers are considered im-
portant threats in the theater of operations where the
EB is used. The 7.62 x 39 mm MSC (M43) cartridge
is used by the AK47 assault rifle, and the 5.56 x 45
mm SS109 can be used by the EB’s own weapon, the
5.56 TA2 Assault Rifle, which was adopted in 2013 by
Ordinance No. 211-EME, of October 23, 2013 [40].

This follows the Controlled Products Regulation,
approved by Decree No. 10,030, of September 30,
2019 [41] and by Ordinance No. 18 — D LOG, of
December 19, 2006, which approves the Regulatory
Standards for the technical assessment, manufactu-
re, acquisition, imports, and destruction of ballistic
materials [43]. According to these documents, the
protection levels adopted in Brazil follow those des-
cribed in NIJ 0101.04 [34], shown in Table 2, in whi-
ch levels I to I1I-A can be sold for general use, while
levels I1I and IV can only be sold to the Armed For-
ces and other Public Security Agencies duly autho-
rized by the Army Command, and are considered
restricted (RTO).

In Article 8 of Ordinance 18 [43], it is determined
that ballistic vests developed in Brazil must be asses-
sed at the Army Evaluation Center (CAEx) based on
the NIJ 0101.04 [34] standard. Article 12, in turn,
establishes that ballistic plates, designed to provide
the desired protection level, may be tested and sold if

they meet the minimum dimensions provided for in
NIJ 0101.04 [34].
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For protection against level I to I1I-A calibers, the- On the other hand, for protection against level III
re is no need to use ballistic plates, as correctly sized and IV calibers, it is necessary to use ballistic plates
ballistic panels offer ballistic protection to the user. acting alone or in conjunction with ballistic panels.

Tab. 2 - Protection levels established in NIJ 0101.04

.22 caliber LR LRN 329 2.6¢
40 gr
I 6.2
2g
380 ACP FM] RN 399 05 o
9mm FM] RN 341 | 284g i
11-A = 7g N
40 S&W FM] 329 180 gr 5
9mm FM] RN 367 8g =
II 124 gr =
102 g
.357 Magnum JSP 436 158 gr
9mm FM] RN 436 8.2¢
124 gr
1I-A 156
6g
.44 Magnum SWC Lead 436 940 gr
9.6¢g
11 7.62x51mm — NATO FM] 847
148 gr E
v .30 Caliber M2 AP 878 10.8 g ©
166 gr

Source: [34]

The assessment of ballistic levels performed in ac-
cordance with NIJ 0101.04 consists of impacting the
ballistic material to be tested using ammunition of the
intended level, loaded with a quantity of gunpowder
that meets the velocity specified in the standard. The
projectile mass is presented in grams, a unit of the
International System (IS), and in grains (gr), which
is the unit usually used in reloading scales, with the
projectiles generally measured in increments of 1 gr,
and the gunpowder charges measured in increments
of 0.1 gr [34].

The ammunition used is not found on the market
in the test configuration, since in this case the speci-
fic tips (projectiles) are used, according to the caliber,
with manual (Figure 11) or automated loading of the

case with the quantity of gunpowder necessary to re-
ach the test velocity.

Before the ballistic test starts, it is necessary to cor-
rectly calibrate the amount of gunpowder to be used
in the test, so that those impacts in which the velocity
is outside the velocity tolerance are invalidated. The
velocity is measured by means of two optical sensors
installed along the trajectory and separated from each
other by distance C, as shown in Figure 12.

The vest component to be tested will be fixed ver-
tically by elastic bands on the support material (BMF
- Backing Material Fixture), which has density similar
to that of the human body, and aims to simulate the
impact that the human body would suffer if it were
shot under the test conditions.
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Fig. 11 - Manual loading equipment.

Fig. 12 - Ballistic test setup as per the NIJ.

Source: [34].
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The support material specified by NIJ 0101.04 is
modelling clay, called plastilina. NIJ determines that
ROMA® plastilina No. 1 should be used. Its density is
rigorously tested before, during, and after the tests [34].

After the ammunition is fired by the test weapon
and the projectile impact, the ballistic vest is analyzed
and results classified as complete penetration, in whi-
ch the projectile passes through the tested material,
making it possible to verify the presence of ammuni-
tion fragments in the support material, or as partial
penetration, in which the projectile only deforms the
tested material, without passing through it [34].

For results classified as partial penetration, the
deformation caused by the ballistic impact is measu-
red by means of the plastilina indent (trauma). For
approval, NIJ 0101.04 establishes 44 mm of trauma
as the maximum deformation in the material [34]. In
Figure 13, it is possible to observe the indent on the
support material [34].
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Fig. 13 - Verification of ballistic performance by me- It is worth noting that, although NIJ 0101.04 is
asuring trauma on the support material (plastilina). still in force, several countries use the most recent
version to assess the ballistic resistance of bulle-
tproof vests, which is NIJ 0101.06, in force since

June 2008 [38].

Both the protection levels and the assessment me-
chanisms of NIJ 0101.04 [34] and NIJ 0101.06 [38]
are similar. As for the protection levels, in NIJ 0101.06
[38] level I was discarded. The other levels remained
with the same calibers, but the test velocity for some
of them was changed in order to ensure greater safety
for the user (Table 3).

An important addition to NIJ 0101.06 [38] was the
provision for testing with calibers other than those
specified in the standard, determining them as “spe-
cial level.” With the modernization of weapons used
in recent years, there was a need to test ballistic ma-
terials for new threats. As example, it is possible to
mention the calibers that are the subject of this article,
classified as NIJ 0101.06 levels “ITI+” (7.62 X 39 mm
MSC) and “III++" (5.56 x 45 M855/SS109) [38] or

Source: [34]. NIJ 0123.00 RF2 [39].

Tab. 3 - Protection levels established in NIJ 0101.06

8g
9mm FM] RN 355 19
o 11.7
7g
40 S&W FM] 395 180 o1
9mm FM] RN 379 8¢g 2
124 gr =
’ 03 S
2g
.357 Magnum |JSP 408 158 gr g
357 SIG FM]J RN 448 8.1g
125 gr
I1-A 2
6g
.44 Magnum SJHP 408 240 g
7.62x51mm — 96¢g
111 NATO FM] 847 148 o -
v 30 Caliber M2 AP 878 10.8 ¢ o
166 gr

Source: [38].
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Regarding assessment tests, the number of sam- and ballistic protection for hard armor (NIJ RF1, NIJ
ples tested in NIJ 0101.06 is much higher than that RF2 and NIJ RF3), as can be seen in Table 4 [39].
of NIJ 0101.04. While four samples are required for
assessing N1J 0101.04 level III [34], 14 samples are Fig. 14 - Tumbler used in the assessment of ballis-
required in NIJ 0101.06 [38]. tic vests according to N1J 0101.06.
Another situation not provided for in NIJ 0101.04
[34] is the testing of material submitted to adverse
conditions of humidity, temperature, and mechanical
damage. NIJ 0101.06 [38] requires that samples be
submitted to a 10-day cycle inside a rotating drum, at
a temperature of 70°C and relative humidity of 90%.
Such equipment —Tumbler — can be seen in Figure 14.
In October 2023, N1J 0101.07 was published, which
uses NIJ 0123.00, also published in October 2023, to
establish the new ballistic protection levels adopted by
the NIJ. The NIJ 0123.00 levels are divided into ballis-
tic protection for soft armor (NIJ HG1 and NIJ HG2) Source: [46].

Tab. 4 - Protection levels established in NIJ 0123.00 [39].

9mm FM] RN 398 . 284g .
NIJ HG1 " ;g 5
: =~
.357 Magnum JSP 436 158 gr S
9mm FM] RN 448 . 284g . =
NIJ HG2 = 6gg ©
.44 Magnum JHP 436 940 gr
7.62x51mm — M80 847 9.6 ¢
NATO FM] 148 or
7.62x39mm 79¢g
NIJ RF1 Surrogate 725 122 or
5.56mm M193 BT 990 508
56 gr
7.62x51mm — M80 847 96¢g
NATO FM] 148 or E
7.62x39mm 79¢g )
Surrogate 725 122 gr
NIJ RF2 & o
5.56mm M193 BT 990 8
56 gr
ig
5.56mm M855 BT 950
62 gr
.30 Caliber M2 AP 10.8 g
NIJ RF3 M| 878 166

Source: [39].
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As occurred in NIJ 0101.06 [38], in NIJ 0101.7
[39] there was a considerable increase in the number
of samples for vest assessment. For NIJ RF 1, which
is equivalent to NI1J 0101.06 level III [38], at least 39
samples are required, instead of the 14 samples for
NIJ 0101.06 [38].

The ballistic limit is a parameter evaluated since
NIJ 0101.04 [34] and remains in the NIJ standards
until the most recent update. To evaluate this para-
meter, MIL STD 662F [44] is used as a supporting
standard, using the V50 concept.

The test is performed by means of successive shots, in-
creasing and decreasing the projectile velocity, depending
on whether the material is penetrated or not, until the velo-
city known as the “ballistic limit” is determined, at which the
probability of penetration by the new shot is 50%. This con-
cept is widely used to differentiate ballistic materials of the
same protection level, because the higher the ballistic limit
of a given material, the more security it will be able to pro-
vide at high velocity, even above standardized test velocity.

In Figure 15, it is possible to observe the simulation of a
ballistic limit test [44].

Fig - Test performance simulation to evaluate the ballistic limit of a material.

Source: [45].

4. High performance polymeric fibers
for ballistic applications

Fibers and fabrics have been the main drivers of the
most significant advances in personal armor over the
past 20 years, largely due to improvements in the manu-
facturing processes of UHMWPE and aramid fibers [12].

High-performance ballistic fibers have specific
properties that differentiate them from other man-
-made fibers used for industrial applications. The ten-
sile strength and modulus of elasticity are higher and
the elongation is lower than in traditional fibers [47].

Each high-performance ballistic fiber has proper-
ties related to the polymer and the spinning process
used in its manufacture. The tensile strength of these
fibers is determined by the structural characteristics,
molecular orientation, cross-sectional area, and de-
gree of linearity of the polymer chain. As with any hi-
gh-technology product, such improvements result in
increased production costs for the item, and the ma-
nufacturer must always achieve this balance to make
the item competitive on the market [48]. Figure 16
shows the correlation between the main mechanical
properties of some fibers compared to steel.

RMCT - 49




.40 N°2 2023
s://doi.org/10.22491/rmct.v40i2.11238.en

Fig. 16 - Graph correlating the specific modulus of
elasticity with the specific tensile strength limit of the
main fibers on the market.

Source: [48].

Ballistic fibers can be used in three possible com-
ponents of bulletproof vests: ballistic panels as fabrics,
monolithic ballistic plates as polymers, and as compo-
nents of an MAS. For these applications, both organic
and inorganic fibers can be used.

DuPont® developed aramid fibers, whose chemi-
cal composition is polyparaphenylene terephthalami-
de (PPTA). These fibers were structured and transfor-
med into threads and then woven, giving rise to the
flexible fabric called Kevlar® [49]. Currently, there
are several other companies that manufacture ara-
mid-based fabrics; one of which is the Teijin Group®
Company, which manufactures the aramid fabric re-
gistered as Twaron®.

Although the aramid does not have the highest
tensile strength or the highest modulus of elasticity
among high-performance fibers, it is characterized by
a favorable relationship between its properties, such
as low density, high tensile properties, high chemical
resistance, high decomposition temperature (above
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500°C), low flammability, and good thermal and di-
mensional stability [50].

Aramid fibers, in general, do not melt, since de-
composition occurs at the same crystalline melting
temperature (T ). The major disadvantage of aramid
fibers is their low resistance to moisture absorption.
Therefore, when used, they must be packaged in such
a way as to have the least possible contact with air [51].

UHMWPE was recently developed, and its main
characteristics are low density and high tenacity. It is
responsible for significantly reducing the weight of
bulletproof vests, which can be used in both ballistic
panels and monolithic ballistic plates or MAS. The
best-known brands on the market are Dyneema®,
from DSM, and Spectra®, from Honeywell [51].

UHMWPE is the least dense and most abrasion-re-
sistant of all high-performance fibers. It is also more
resistant to ultraviolet radiation and chemicals than
aramid fibers. Studies indicate that UHMWPE fibers,
after prolonged exposure to UV radiation, show te-
nacity loss and decreased elongation (due to the scis-
sion of the polymer chains), and at the same time in-
creased modulus of elasticity (due to the cross-linking
of the chains) [52].

Polybenzobisoxazole (PBO) was developed to-
gether with UHMWPE. PBO fibers are extreme-
ly strong, hard and rigid, and have a higher tensile
strength and modulus of elasticity than polyaramid
fibers or some UHMWPE fibers. They also have ex-
cellent chemical resistance to various organic solvents,
acids and bases, but are easily degraded when expo-
sed to UV radiation and to the combination of high
temperature and humidity [53].

PBO fiber is commercially known as Zylon®. It
is manufactured by Toyobo, the Japanese company
[64]. Zylon® fabrics absorb almost twice the energy
per unit of area density than Kevlar® and Spectra®,
and almost 12 times more than aluminum. The ballis-
tic impact performance of PBO systems is substan-
tially superior to Kevlar® 29 systems, and marginally
better than Kevlar® KM2 systems [54, 55].

However, the commercialization of vests contai-
ning Zylon® fiber suffered a serious impact after
an event in 2003 in Forest Hills, Pennsylvania, USA,



when a police officer wearing a bulletproof vest had
his equipment perforated by a .40 caliber pistol shot,
which, according to the material protection level,
should not have been perforated, and he ended up
seriously injured [56].

As a result, the NIJ carried out an extensive in-
vestigation of all bulletproof vests that used Zylon®
in their composition, and in 2005 found that appro-
ximately 50% of these vests did not provide adequa-
te protection for their users, concluding that Zylon®
presented a systematic loss of tensile strength, tensi-
le deformation and ballistic performance correlated
with the breaking of specific bonds in the chemical
structure of the material [56-57].

The company responsible for manufacturing the
material and the companies that manufactured the
vests were punished with significant fines, and the
NIJ ended up banning the sale of vests with this com-
position [34, 48].
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The M5®, which is a high-performance fiber ba-
sed on polypyridobisimidazole (PIPD), was developed
by Magellan Systems International (USA), which be-
came part of DuPont® in 2005. This fiber demons-
trates a very high specific energy absorption capacity
at sonic velocity, and therefore has great potential for
ballistic applications, as observed in Figure 17, when
comparing its performance with other ballistic fibers
[2, 58]. Although the literature shows a promising fu-
ture for the M5®, there are no items on the market
that contain this fiber in their composition.

The P 120 is a carbon fiber with a very high modu-
lus of elasticity and has the highest deformation wave
speed compared to other fibers. However, it is not a
material that is suitable for ballistic applications due
to its low energy absorption capacity [48].

Figure 17 shows the evolution of ballistic fibers
over the years, considering the V50 ballistic perfor-
mance of each.

Fig. 17 - Evolution of ballistic fibers according to V50 performance.

Source: [48].

In recent years, the search for environmentally sus-
tainable products has led to research into natural fibers
with ballistic applications gaining notoriety in the rese-

arch of new ballistic materials. Several studies have been
published on the application of natural fibers, mainly
inserted as an MAS second layer, in which the natural fi-
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ber commonly makes up 30% of the volume of the epo-
xy or polyester matrix layer [59-61]. Figure 18 shows
the composition of the MAS with natural fibers.

Among the natural fibers under study, some of
them can be listed, such as: bamboo, mallow, hemp,
jute, sisal, ramie and curaud. Evidence of massive
capture of larger fragments than when using Kevlar
fibers was found in some cases, mainly in Curaud
composites. Nucleation and propagation of cracks
in the epoxy matrix were suggested to provide an
additional mechanism of energy dissipation in favor
of epoxy composites. In addition to being sustaina-
ble, these fibers have additional advantages of pro-
viding lighter and more cost-effective armor syste-
ms when compared to those made of aramid, which
makes these fibers capable of competing with aramid
in the MAS [48, 59].

Table 5 shows the main mechanical properties of
some natural fibers compared to aramid fiber.

Fig. 18 - MAS composition with natural fibers

Source: [59].

Tab. 5 - Mechanical properties of some natural fibers compared to aramid fiber

Bamboo 1.03-2.21 106- 204 - 198
Mallow 1.37-1.41 160 17.4 117
Jute 1.30- 1.45 393- 800 13- 27 615
Hemp 1.07 389- 690 35 649
Sisal 1.26- 1.50 287-913 9-28 725
Ramie 1.5 400- 1620 61-128 1,080
Curaud 0.57-0.92 117- 3000 27- 80 2,193
Aramid 1.44 3000- 4100 63- 131 2,847

Source: [62- 63].

5. Ceramic materials for ballistic
application

Ceramic materials are non-metallic inorganic ma-
terials that are characterized by being very hard and
brittle. They are formed by predominantly covalent
or ionic bonds between metallic and non-metallic ele-
ments. Their use as a final product is normally obtai-
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ned through high-temperature heat treatment pro-
cesses, called sintering [64].

Compared to metals, these materials have high mo-
duli of elasticity and low densities, and are capable of
withstanding extremely high temperatures, often abo-
ve the melting point of most metals used in compo-
nents. The main disadvantage of ceramic materials is
their fragility. Even the smallest surface flaws (scratches




or cuts) or internal flaws (inclusions, pores and micro-
cracks) can have disastrous results [65].

Ceramic materials can be manufactured from na-
tural or synthetic raw materials. The most commonly
used natural materials in industry are: clay, kaolin,
quartz, feldspar, phyllite, talc, graphite, and zirconi-
te. Synthetic materials include, among others, AlO,,
SiC, Si;N,, ZrO, and B C [66-67]. Table 6 presents the
main mechanical properties of ceramic materials used
in ballistic armor.

The action of ceramics in combined armor is effec-
tive because the projectile impact with the ceramic
face creates compressive shock waves associated with
high pressures, which pass through the projectile and
the ceramic at the respective wave speeds. The waves
interaction, after reflection, occurs inside the projec-
tile and causes its fragmentation. In addition, when
the projectile tip hits the target, a reduced region is
submitted to high compression, with the appearance
of a fracture cone [68-69].

The erosion of the projectile as it passes through
the ceramic material, caused by the action of frag-
mented particles, is largely responsible for its energy
loss. Therefore, it is essential that the ceramic face has
a high hardness [68-69].

Excessive ceramic material porosity reduces the
armor performance, due to the decrease in hardness
and densification. Nonetheless, residual porosity can
favor ballistic protection, since the pores constitute
localized heating points [70], where part of the pro-
jectile kinetic energy is converted into thermal ener-
gy. The relationship between energy absorption and
hardness, therefore, is important to determine the
projectile tip breakage.

The main monolithic ceramic materials used in
armor systems for personal and collective ballistic
protection are: oxide ceramics, especially Al,O,; non-
-oxide ceramics based on nitrogen (nitrides); ceramics
based on carbon (carbides), such as B,C and SiC; or
borides and their combinations, such as titanium di-
boride (TiB,) [71-72].

AL O, shields are the ceramic materials most widely
used for this purpose. They have adequate ballistic

performance and low manufacturing costs. ALO,

https://doi.org/10.22491/r

-based ceramics are also widely used as transparent
shields in the form of sapphire or polycrystalline alu-
minum oxynitrate (AION), which are useful for vehi-
cle windows and instrument viewing. This versatility
and cost-effectiveness take place at the expense of
high specific mass when compared to other ceramic
shields [73].

Research and development of B,C shields have
shown that this material is very useful for the defense
industry, presenting greater hardness and lower spe-
cific mass than AlLO, [74].

B,C armors are highly efficient for relatively low
impact velocities. However, for armor-piercing pro-
jectiles with high kinetic energy, when the pressure
generated by the interaction reaches the order of 20
GPa, the material ends up undergoing an amorphiza-
tion process that causes a drop in ballistic performan-
ce [75]. The main disadvantage of B,C armors is their
high manufacturing cost [76].

On the other hand, SiC armors are less expensive
to produce than B,C, with slightly inferior mechani-
cal properties [76]. Armors produced with this mate-
rial are also indicated as substitutes for situations in
which B,C amorphization may occur [75].

Kaufmann et al. [77] evaluated the performance
of SiC, B,C and AL,O, armors submitted to impacts
from .50 armor-piercing ammunition by penetration
depth. The work found that SiC presented the best
performance and AL O, the worst. SiC, in many cases,
presented behavior similar to that of B,C.

The main disadvantage of ceramic armor is that,
when impacted, they end up favoring the production
of microcracks, which can extend to the impact re-
gion [78], causing material fragmentation and making
such material vulnerable to resist new impacts.

The ballistic response of a ceramic material is as-
sociated with a series of factors, such as microstruc-
ture, chemical composition, phase formation, physi-
cal properties (density, hardness, Young’s modulus,
mechanical strength, fracture resistance, and sonic
velocity), in addition to the efficiency in dissipating
the energy of the ballistic impact. A single property
does not define the material behavior, mainly becau-
se the fracture mechanism during the projectile im-

RMCT » 53




VOL.40 N°2 2023
https://doi.org/10.22491/rmct.v40i2.11238.en

pact is very complex, and the fractures are created by
stress gradients that occur in a relatively short period.
Only the combination of different properties enables
satisfactory material performance. For a better analy-
sis of the choice of armor, the association between the-
se different conditions must be considered, together
with the correct manufacturing process, which is es-
sential for optimizing the properties of the finished
ceramic material [8-9].

For example, hardness is vital for fracturing and
eroding projectiles; fracture toughness and flexural
strength help the ceramic resist multiple impacts; the
modulus of elasticity is related to the propagation of

Tab. 6 - Properties of the main advanced ceramics

the stress wave, and the fracture mode is related to
the amount of energy absorbed by the ceramic. Thus,
improvements in several properties are necessary
so that their combination results in a more efficient
ballistic ceramic [67].

The manufacturing process is very important in de-
termining the final properties of the product. Gene-
rally, however, the processes that provide the best pro-
perties are the most expensive, as is the case of the hot
pressing (HP) process for SiC ceramics, in which the
properties often reach values close to the theoretically
predicted limits for the materials, but are extremely
expensive and limited in terms of part geometry [8-9].

ALO, 3.98 379 3,025 379 5.5
SiC 3.1 260- 612 3,860 414 4.4
Si,N, (chemical reaction) 2.5 350 1,030 207 3.3
Si,N, (hot pressed) 3.2 650 3,450 310 5.5
Zro, 5.8 674 1,725 200 12.1
(tenacification)
B,C 2.5 235- 321 2,200 410- 425 4

Source: [76, 80].

6. MULTILAYERED ARMOR SYSTEM

Multilayered or mixed armor, previously known
as MAS, consists of superimposing layers of diffe-
rent materials with the aim of taking advantage of
the differences in their properties in order to ensure
the best performance. The combination of these ma-
terials with distinct and complementary properties
aims to prevent projectile penetration and reduce
the trauma caused by the impact. Figure 19 shows
an illustration of an MAS under ballistic impact.
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In the MAS, ceramic materials are used to resist
the stresses arising from the initial events, serving as a
first layer, in which the initial projectile impact occurs.
Its function is to wear down the tip and dissipate part
of the kinetic energy by fragmenting its mass, whi-
ch ends up improving the distribution of the impact
pressure on the second layer, as shown in section 6.

The second armor layer, in this multilayered sys-
tem, is formed by ductile materials — metallic or poly-

meric — and has the function of absorbing the residual




projectile kinetic energy, the shrapnel from both the
ammunition and the ceramic itself through its plas-
tic deformation. The materials most applied for this
purpose are aramid, UHMWPE or natural fiber com-
pounds in a polymer matrix, as shown in section 5.
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Depending on the system, a third layer consisting
of a ductile metal, usually an aluminum alloy, can be
applied in order to absorb the residual energy throu-

gh its plastic deformation [76].

Fig. 19 - Different stages associated with the impact between a projectile and a ceramic armor material: (a)

shattering stage; (b) erosion stage; (c) catching stage.

Source: [79].

1. Conclusion

Although some ballistic solutions for the calibers
defined by the ROC are met in the foreign market,
the national Defense Industrial Base (BID) curren-
tly has no approved materials that meet the demand
presented by the Ministry of Defense. The Materials
Engineering Section of the Military Institute of En-
gineering (IME) has numerous research projects in
the area of personal armor, among other applications,
with metallic, natural fiber composite, polymeric and,
finally, ceramic materials.

The BID faces great difficulties in developing
ballistic solutions to meet the Ministry of Defense’s
request. The main obstacle is that the majority of
raw materials used in the national market are im-
ported, which makes research within the scope of
the IME extremely relevant; the Materials Science
Program seeks solutions in materials that are abun-

dant in the national territory, such as the case of na-
tural fibers and SiC-based ceramic materials, given
that Brazil is the world’s fifth largest producer of
this type of compound and also of AL,O,, and AL,O,
can be processed at lower temperatures, without at-
mospheric control.

The research conducted at the IME, therefore,
aims to meet the criteria determined by the Ministry
of Defense and promote the BID, or even the Army’s
own manufacturing units, as was done in previous ye-
ars through the manufacture of ballistic vests by the
Regional Maintenance Park of the 5™ Military Region,
which were distributed to the troops and are still in
use in several Eb’s organizations.
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Abstract: This study was conducted on AA 5052 sheets produced
by direct casting and AA 5050C produced by twin roll casting, to
microstructurally and mechanically characterize these alloys and
evaluate dynamic aging occurrence as a function of the strain rate
applied in uniaxial tensile tests. In general, AA 5052 alloy showed
higher strength values and lower ductility. Analysis of the aspect of
tensile curves showed serrations in both alloys, indicating rapid and
successtve stresses variations in the plastic deformation region for both
alloys, suggesting dynamic aging occurrence and how this effect is more
pronounced at lower displacement speed. The frequency and magnitude
of the decrease stress can be associated with the distinct Mg content of the
alloys, being smaller in the AA 5050C.

KEYWORDS: 5xxx aluminum alloys, Direct chill process, Twin roll
caster process, mechanical properties, aging dynamic.

1. Introduction

luminum alloys, due to their interes-

ting combination between strength

and weight, good conformability, and

high corrosion resistance, among other characteris-

tics, have stood out as a viable alternative for applica-

tions in the automotive industry in the production of

components or structural parts, and have gained pro-

minence mainly for applications in bus bodies due to

the possibility of reducing the weight of automobiles,
resulting in reduced fuel costs and gas emissions [1].

However, such applications are still restricted due

to the complex technology and high cost of alumi-

num production when compared to steel. The most

used method for the manufacture of aluminum alloys
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Resumo: Este estudo foi conduzido em chapas das ligas AA 5052,
produzida por processo de fundigao direta (DC), e AA 5050C, produzida
por processo de fundigao continua de chapas (TRC), com o intuito de
caracterizar microestrutural e mecanicamente as referidas ligas, assim
como avaliar a ocorréncia de envelhecimento dindmico em fung¢do da
taxa de deformagao aplicada em ensaios de tra¢ao uniaxial. De maneira
geral, observou-se valores superiores de resisténcia e menor ductilidade
para a liga AA 5052, e ao analisar o aspecto das curvas de tragao, pode-
se verificar a presenga de serrilhados em ambas as ligas, indicativos
de variagoes rapidas e sucessivas de tensies, na regidgo de deformagao
pldstica, sugerindo a ocorréncia do envelhecimento dindmico, e como,
em menor velocidade de deformagao, esse efeito é mais pronunciado.
A frequéncia e magnitude de quedas de tensao verificadas podem ser
associadas principalmente aos diferentes teores de Mg das ligas, sendo
menor para a liga AA 5050C que possui menor teor de Mg.

PALAVRAS-CHAVE: Ligas de aluminio 5xxx, processo de fundigdo
continua, processo de fundigdo direta, propriedades mecanicas,
envelhecimento dinamico.

in the form of plates is based on the direct casting
process (Direct Chill — DC).

The direct chill (DC) process consists of the casting
of plates, followed by a machining and hot rolling
process, in order to significantly reduce the thickness
of the plate in a hot plastic forming process. Subse-
quently, the sheet goes to cold rolling, which incre-
ases its mechanical properties in terms of strength,
combined with the decrease in ductility, and in some
cases, subsequently goes to annealing heat treatment
for stress relief/stabilization or partial/total recrystalli-
zation, according to the final application [2,3].

Another way of obtaining aluminum laminates
and their alloys is through the Twin roll caster (TRC)
process, in which the manufacture of hot rolled and
coiled sheets occurs directly from the liquid metal.



The process consists in a combination of the material
solidification and hot rolling steps, which allows the
sheet, in the form of a colil, to proceed directly to the
cold rolling process [4,5].

Aluminum sheets processing through twin roll cas-
ting (TRC) reduces not only the costs in the manu-
facturing process, but also processing time. Such cha-
racteristics, combined with the ease of changing the
thickness and width of the casting without the need to
change the dimensions of the mold, make production
more agile and advantageous [5].

Aluminum alloys of different series are usually
produced from the DC process and are later lami-
nated (by hot and cold processes) and annealed, but
the production of some of them on a laboratory and
industrial scale by the TRC process is also observed,
with some reservations. The literature highlights that
alloys with a narrow solidification interval are largely
produced in several dimensions by the TRC process.
However, for alloys with a wide solidification range,
the process is still limited, not allowing one to obtain
a final product with the appropriate mechanical pro-
perties [6]. Another limiting factor is the chemical
composition of the alloys, some of which can present
major problems related to the formation of segrega-
tion centerlines and of an excessive oxide layer, such
as the alloys of the bxxx series. This factor was pre-
sent in the Companhia Brasileira de Aluminio (CBA),
in Aluminio/Sao Paulo (SP), when trying to produce
the AA 5052 alloy in its original composition by TRC,
being possible to circumvent the problem only with
the compositional adjustment that resulted in the AA
5050C alloy [7], being both objects of this study.

Another aspect of the laminated products of the
bxxx series alloys is that they are likely to present dy-
namic aging as a function of the strain rate to which
they are subjected, even at room temperature, whi-
ch is revealed by serrations in the stress-strain curve
[8,9]. The justification for this behavior — the serra-
ted pattern — is attributed to the abrupt movement of
dislocations, which results in the dynamic interaction
of dislocations with substitutional solute atoms pre-
sent in the solid solution [9]. In this perception, one

assumes the movement of dislocations is prevented
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by solute atoms that isolate them; consequently, an
increased tension is necessary for the dislocations to
be unlocked, resulting in a negative tension/deforma-
tion, leading to flow instability, i.e., the Portevin-Le
Chatelier (PLC) effect.

Therefore, this study aimed to perform a micros-
tructural and mechanical characterization of lamina-
ted and annealed AA 5052 and AA 5050C aluminum
alloy sheets, produced by CBA from DC and TRC
processes, respectively, as well as to evaluate the oc-
currence of aging in the alloys when mechanically re-
quested via uniaxial tensile test at two different spee-
ds and at room temperature.

2. Material and Methods

The materials under study, provided by the com-
pany Companhia Brasileira de Aluminio (CBA) — lo-
cated in Aluminio - SP, consist of two aluminum alloys
of the bxxx series, AA 5052 and AA 5050C — accor-
ding to the chemical composition presented in Table
1 — which were produced by different processes, the
first via direct chill (DC) and the second by twin roll
casting (TRC). These alloys were subsequently subjec-
ted to the same processing route and parameters un-
til obtaining thin sheets with approximately 1.20 mm
thickness in the final cold rolled and annealed/stabi-
lized condition, as shown in Figure 1, which will only
be distinguished by the value of the total reduction in
the first cold rolling step (68.3% for alloy 5052 and
72.8% for alloy 5050C) and soaking temperature in
the intermediate annealing (360°C for alloy 5052 and
380°C for alloy 5050C).

Table 1 - Chemical composition of the alloys under
study, with emphasis on the elements of alloys and
residuals, % in weight.

AA 5052

0.06 0.26 0.06 006 241 020 0.0l
AA 5050C

0.07 047 036 0.10 1.39 0.00 0.04

Source: CBA.
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Figure 1 - Processing steps in the CBA of the 5xxx series alloys under study.

Source: CBA.

Microstructural characterization was conducted
with the aid of a scanning electron microscope with
a field emission cannon, FEI Quanta FEG, observing
the samples in the thickness of the plate, in the plane
containing the lamination direction (DL), after me-
tallographic preparation: sanding from 220 to 4000
mesh, polishing in 3 and 1 um diamond paste, and a
final electrolytic polishing with perchloric acid solu-
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tion (20% HCIO, + 80% C,H,OH) for 5 seconds at 10
Volts, at room temperature.

For mechanical characterization, Vickers hard-
ness and uniaxial tensile tests were performed. The
hardness test was conducted with 10 measurements
for each sample along the plate plane, with a load of
10 kgf. Whereas the uniaxial tensile test was conduc-
ted on specimens made according to ASTM ES8/E8M




[10] under two conditions of crossbar displacement
speed (2 and 7 mm/min), using different strain gau-
ge technologies (contact for speed of 2 mm/min and
optical for speed of 7 mm/min), in order to ascertain
the occurrence of dynamic aging as a function of the
deformation speed.

3. Results and Discussion

Figures 2 and 3 show results from the micros-
tructural analysis via Scanning Electron Microsco-
py (SEM) using the backscattered electron detector
(BSE) of AA 5052 and AA 5050C alloys, respectively.

Figure 2 - Micrograph of AA 5052 alloy (DL, with
arrows indicating cavities (in black) that contained
parts of the possible inclusion particles/precipitates
still present (in white).

Source: Prepared by the authors.

One can see homogeneous and similar distribu-
tion of inclusions and/or precipitates along the sam-
ples aligned in the DL, and that the alloy produced
by the twin roll casting process (AA 5050C) appa-
rently presents inclusions/second phase particles in
greater amount distributed along the matrix in re-
lation to the alloy produced by the direct chill pro-
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cess (AA 5052). This can be explained in two possi-
ble ways. The first possibility may be associated with
the higher solidification rates obtained in the twin
roll casting process, which favors the formation of a
greater number of sites for second phase nucleation
[11]. The second possibility, if most of these parti-
cles are associated with inclusions, refers to the fact
that the ingot produced by direct chill - DC, the AA
5052 alloy, is subjected to a surface scarfing process
before being hot rolled, which guarantees the remo-
val of much of the alumina (Al,O,) layer formed on
the surface of the ingot, while the product of twin
roll casting — TRC, the AA 5050C alloy, keeps in its
volume all the alumina formed during the casting
process combined with hot rolling. One also obser-
ved that electrolytic polishing promoted the removal
of part of the inclusions and/or precipitates due to
the anodic behavior in the formed electrolytic cell,
giving rise to the cavities presented together with
the metal matrix in these microstructures, as highli-
ghted in Figures 2 and 3.

Figure 3 - Micrograph of AA 5050C alloy (DL-),
with arrows indicating cavities (in black) that contai-
ned parts of the possible inclusion particles/precipita-
tes still present (in white).

Source: Prepared by the authors.
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Table 2 shows the results of the Vickers hardness
test performed. The average hardness values pre-
sented in the alloys showed a significant difference,
and it was possible to observe a reduction of 21.78%
in the hardness value for alloy AA 5050C compa-
red to AA 5052. Considering the variance calcula-
ted and reliability of the results obtained in the test,
one should emphasize there was no significant dis-
persion between the values obtained for each alloy
under study.

Table 2 - Results of the Vickers hardness test.

Mean 87.38 68.35
Standard Deviation 2.42 1.38
Variance 5.86 1.91
Minimum 83.59 65.64
Maximum 91.17 69.92
measaroments 10 10
Reliability index (95%) 1.50 1.18

Source: Prepared by the authors.

The AA 5050C alloy, due to its greater number
of inclusions and/or second phase particles disper-
sed in the matrix by its production via twin roll cas-
ting process, was expected to be harder than AA
5052. This fact is not observed and can be explai-
ned by the compositional difference of the alloys
(Table 1). The AA 5050C alloy is a compositional
adaptation of AA 5052 alloy, aimed at reducing the
oxide layer formed during TRC processing. Mag-
nesium was one of the altered elements, having its
amount reduced, and because it is an element that
is preferably found in solid solution, this reduction
in content directly affects the hardness and mecha-
nical strength of the alloy. These indications highli-
ght that these particles observed in SEM analyses
are probably largely associated with alumina (Al,O,)
inclusions, which have no role in alloy hardening,
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as it occurs with the second intermetallic phase par-
ticles formed in this type of alloys. Another point
that supports the lower hardness behavior for the
5050C alloy are the conditions under which it was
subjected to thermomechanical processing, i.e.,
the highest total reduction applied in the first cold
rolling step and the highest soaking temperature to
which it was exposed in the intermediate annealing
(Figure 1). These factors may have provided redu-
ced recrystallization temperature (by the reduction
imposed on the thinning lamination) plus the pos-
sibility of grain growth (by the soaking temperature
imposed on the annealing for recrystallization) in
the condition that was subsequently subjected to fi-
nal cold rolling and annealing for stabilization, thus
also contributing to the decrease in hardness.

Figure 4 shows the engineering stress-strain curves
of alloys AA 5052 and AA 5050C, with strain speeds in
the uniaxial tensile test of 2 mm/min and 7 mm/min.

Regarding the aspect of the curve, serrations cau-
sed by the Portevin-Le Chatelier effect, or dynamic
aging behavior, are observed in the plastic deforma-
tion region of both alloys tested at a speed of 2 mm/
min. The AA 5052 alloy exhibits not only a higher
magnitude of voltage dips (difference between peak
and valley voltage in each dentition), but also a higher
frequency (number of voltage dips) when compared
to AA 5050C.

According to the dynamic stress aging model,
when the movement of dislocations is temporarily in-
terrupted in obstacles, such as forests of dislocations,
the solute atoms that are already isolated in these obs-
tacles migrate toward these fixed dislocations. They
then form atmospheres around the dislocations and
cause them to be blocked. When the applied force is
high enough, the movable dislocations detach from
the atmospheres and advance freely toward other
obstacles. The repetition of this process constitutes
the serrated production observed in the stress-strain
curve [12].

Thus, one can infer that, as the AA 5052 alloy
has a higher concentration of magnesium (Table 1),
most of the Mg solute atoms move in the direction



of the dislocations and, therefore, unlocking such
dislocations is more difficult. Therefore, a greater
force is required to move the dislocation, resulting
in a greater stress drop in the stress-strain curve.
On the other hand, when the magnesium concen-
tration is high, the interaction of magnesium solute
atoms with the dislocations is more frequent and,
consequently, the process of voltage drops becomes
more frequent. One can see that serration occurs
at a higher frequency for AA 5052 than for the AA
5050C alloy.

Figure 4 - Engineering stress-strain curves of
alloys AA 5052 and AA 5050C, with strain speeds in
the uniaxial tensile test of 2 mm/min and 7 mm/min.
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Source: Prepared by the authors.

For the curves tested with a deformation speed
of 7 mm/min, there is, as expected, a decrease in the
amount and intensity of serration. This fact occurs
due to the increase in deformation rate, since there is
no time for the movement of the solute atmosphere,
which is responsible for dynamic aging. Thus, this test
speed is not sufficient to eliminate serrations, howe-
ver, the voltage drops become less frequent.

Table 2 shows the mechanical properties of alloys
AA 5052 and AA 5050C obtained through uniaxial
tensile tests performed with a deformation rate of

2 mm/min and 7 mm/min.
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Table 2 - Mechanical properties of AA 5052 and
AA 5050C alloys extracted from tensile tests.

strez;ild(oe) 940.74 954.96 156.61 169.88
MPa) +806 +6.13 *6.96 =041
MEIS‘S;‘C“YE 66.78 71.84 6858  73.52
odulus (E) = v gs 4636 =11.68 =+ 13.38
(GPa)
Tensile
Strength  286.76 29%'91 211.13  209.46
Limit (LRT) =939 _ +939 =+ (.48
(MP2) 20.47
Uniform
Elongation — 4.24%  5.44* 5.91* 5.69*
(%)
Elongation at * « * *
break (%) 4.82%  6.05 6.60 6.52

*Data extracted from the stress-strain curves in
Figure 4.
Source: Prepared by the authors.

As for the mechanical properties observed in the
tensile test, it is possible to verify that the AA 5052
alloy presented higher values of tensile and yield
strength and lower values of elongation when com-
pared to the AA 5050C alloy, as also observed in the
hardness test. According to the literature, materials
processed by twin roll casting (TRC) have superior
mechanical properties in terms of strength when
compared to those produced by direct chill casting
(DC). This fact stems from the presence of a greater
number of second phase precipitates during TRC,
where the precipitates are possibly anchored, prefe-
rably, in the grain contours, acting as grain refiners
[13]. Analyzing the Hall-Petch equation, it is observed
that the relationship between grain size and stress are
inversely proportional, i.e., the smaller the grain size,
the greater the tensile strength of the material. Itis in-
ferred, through the mechanical properties obtained,
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that the alloys under study presented behavior con-
trary to that presented in the literature.

This behavior can be explained by the difference
in composition between the alloys, since the AA 5050C
alloy has a lower magnesium and chromium content
and a higher copper content, added to the fact that it
was subjected to a greater reduction in thickness and
higher soaking temperature in the processes subse-
quent to hot rolling, that is, from cold rolling to rou-
ghing and intermediate annealing for recrystallization,
which were adopted for the AA 5052 alloy, before being
subjected to conditions similar to the alloy 5052 in the
final lamination and annealing for stabilization (Figure
1). This compositional variation was necessary to redu-
ce surface oxidation during solidification in TRC pro-
cessing. Thus, despite having the propensity to present
more refined grains by the TRC process, in relation to
the AA 5052 alloy, the AA 5050C alloy has lower limits
of tensile and yield strength, and higher ductility, pro-
bably justified by the lower hardening by solid solution
and/or precipitation, due to the composition, added to
the larger grain size due to the intermediate processing
(as shown in Figure 1).

Regarding the use of different test speeds in unia-
xial traction, comparing the results obtained, one ob-
served that these presented differences for the values
of yield strength, elasticity modulus, strength limit,
and elongation. This effect in relation to the values of
yield, strength, and elongation limits can be explained
due to the increased number of stacked dislocations
due to the increased deformation rate, which causes
greater resistance in the beginning of deformation,
greater hardening and extension in the plastic defor-
mation capacity, in the uniform deformation regime,
and located in the stricture [14]. However, in relation
to the modulus of elasticity, the difference can be at-
tributed to the fact that the test was conducted with
different strain gauge technologies (contact for a spe-
ed of 2 mm/min and optical for a speed of 7 mm/min).

4. Final considerations

Mechanical strengths presented by the properties
of the AA 5052 alloy, such as yield and tensile streng-
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th, were higher than those presented by the AA 5050C
alloy, both in uniaxial traction and Vickers hardness
testing, unlike the lower ductility. This result can be
explained by variations in the chemical compositions
of each alloy and in the production processes. It is pos-
sible that small decreases in temperatures and/or so-
aking time in the intermediate annealing and stabiliza-
tion treatments provide adjustments that would result
in close values of properties of both alloys subjected to
distinct reductions in thinning cold rolling and the like
in the final cold rolling, without further adjustments in
the chemical composition of the alloy 5050C.

Thus, the AA 5050C alloy can be considered as a
viable option to replace the AA 5052 alloy for appli-
cations that do not require high mechanical streng-
th and exhibit greater ductility under the processing
conditions adopted for this study.

As for the occurrence of dynamic aging, the pre-
sence of serrations in the region of plastic deforma-
tion in both alloys indicates the existence of the phe-
nomenon. The frequency and magnitude of voltage
drops verified can be associated with the different Mg
contents of the alloys, depending on their presence
in solid solution. It is also observed that the increase
in the deformation speed from 2 mm/min to 7 mm/
min during the tensile test promotes a decrease in the
amount and intensity of serrations, as well as a gre-
ater extension in the uniform and total elongation,
probably due to the reduction of the time for the mo-
vement of the solute atmosphere during the sliding of
dislocations. That is, the forming processing of these
alloys to obtain parts can be easily performed without
the occurrence of dynamic aging when performed
under higher strain rates.
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ABSTRACT: The ballistic vesistance and microwave absorption of
a composite of aramid fabric impregnated with polyethylene glycol
and hematite nanoparticles was investigated for different hematite
concentrations between 0 and 17 wi%. Different damage and energy
absorbing mechanisms during ballistic impact were identified: cone
Sformation on the back face of the target, tensile failure of primary yarns
and deformation of secondary yarns. In terms of energy absorption, the
best results were achieved with 7 wt% hematite, while the smallest depth
of penetration (DOP) was observed for a composite with 9 wt% hematite.
A scanning electron microscope (SEM) image of the composite with 7%
hematite after the ballistic test showed that the main energy absorption
mechanism was deformation of secondary yarns. Microwave absorption
was measured using the waveguide technique in the frequency range
from 8 to 12 GHz. Results showed that the dielectric loss €7/€ is
maximum for a concentration of 3% hematite, while the magnetic loss
W is maximum for a concentration of 11 wt% hematite. A reasonable
compromise between ballistic resistance and microwave absorption seems
to be a composite with 7 wt% hematite.

KEYWORDS: Radar absorption; Ballistic shielding; Ballistic impact;
Shear thickening fluid.

1. Introduction

ince ancient times, mankind has sou-

ght the development of body protection

against hazards and injuries. Animal
skins, natural fibers and metallic materials such as
bronze, iron and steel were used for this purpose
throughout history. During the 20th century, natural
fibers gave way to synthetic ones.

Modern armor is designed to protect against
projectiles as well as against puncturing and cutting
caused by sharp objects. They generally consist of a
combination of metal, ceramics and fabrics. Fabrics
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RESUMO: A resisténcia balistica e a absor¢iao de micro-ondas de
um composto de tecido de aramida impregnado com polietilenoglicol
e nanoparticulas de hematita foram investigadas para diferentes
concentragoes de hematita entre 0 ¢ 17% em peso. Foram identificados
diferentes mecanismos de dano e de absor¢do de energia durante o impacto
balistico: formagdo de cone na face posterior do alvo, falha de tragao dos
fios primdrios e deformagao dos fios secunddrios. Em termos de absor¢do
de energia, os melhores resullados foram obtidos com hematita a 7% em
peso, enquanto a menor profundidade de penetragio (DOP) foi observada
em wm composto com hematita a 9% em peso. Uma imagem de microscipio
eletronico de varredura (SEM) do compdsito com 7% de hematita apis o
leste balistico mostrou que o principal mecanismo de absor¢do de energia
foi a deformagao dos fios secunddrios. A absor¢do de micro-ondas foi
medida usando a técnica de guia de ondas na faixa de frequéncia de 8 a
12 GHz. Os resultados mostraram que a perda dielétrica €7/€’ ¢ mdxima
para uma concentragao de 3% de hematita, enquanto a perda magnética
W/ € maxima para uma concentragao de 11% em peso de hematita. Um
compromisso razodvel entre a resisténcia balistica e a absor¢do de micro-
ondas parece ser wm composto com 7 wt% de hematita.

PALAVRAS-CHAVE: Absor¢do de radar; blindagem balistica; impacto
balistico; fluido de espessamento por cisalhamento.

are composed of high strength polymer fibers that
provide added protection without compromising the
mobility of soldiers, police officers and security per-
sonnel[1,2]. Advanced reinforcements were develo-
ped to improve the flexibility and reduce the weight
of these fabrics using fewer layers and maintaining
the same efficiency. These reinforcements are crea-
ted by impregnating the fabrics with non-Newtonian
fluids whose apparent viscosity vary with increasing
stress[3-11].

The choice of magnetic nanoparticles for the pro-
duction of a non-Newtonian fluid may add the pro-
perty of being a Radar Absorption Material (RAM) to



the fabric. These materials are efficient attenuators
of electromagnetic radiation at wavelengths used by
radars, reducing the radar cross section of soldiers,
automobiles, warships and military aircrafts. Teber
et al.[12] used Ni-Co magnetic materials in polyme-
ric composites as absorbers of X-band microwaves
(8-12 GHz).

The purpose of this work was to study the ar-
mor reinforcement and radar absorption beha-
vior[12-17] of a non-Newtonian fluid based on he-
matite. For this, mixtures of hematite nanoparticles
with PEG-200 were produced with different con-
centrations of hematite. These blends were used
to impregnate the aramid fabric; the ballistic resis-
tance and the microwave absorption properties of
the composite were evaluated for different hema-
tite concentrations. In addition, damage and ener-
gy absorbing mechanisms during ballistic impact
were investigated.

2. Materials and methods

2.1 Materials

The materials used in this work were ferric nitrate
(Sigma-Aldrich, 98%), glycine (Sigma-Aldrich, 98.5%),
200 g/mol PEG (Honeywell Riedel-de Haén), absolute
ethanol (Quimex, 93%), 0.28 mm thick aramid fabric
with a 210 g/m? density [HY Networks (Shanhai)] and
1 inch thick MDF (Arauco do Brasil).

2.2 Sample Preparation

The hematite nanoparticles were synthesised
using the combustion method with a 0.5 glycine/ni-
trate ratio[18,19]. Mixtures of PEG-200 with 0%, 3%,
5%, 7%, 9%, 11%, 13%, 15% and 17% hematite were
sonicated for 30 min, diluted in 40 mL of ethanol, so-
nicated again for 30 minutes and used to impregnate
two square pieces of aramid fabric with an area of 49
cm? in a 150 mm diameter watch glass. These pieces
were pressed for 10 min at 3 ton/cm?. Pressing the
samples reduces the mass without decreasing ballis-
tic resistance, because only non-impregnated fluid is
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removed. After this, the samples were oven dried at

79 °C for 24 h.

2.3 Experimental Methods

The hematite was characterized by X-ray diffrac-
tion using an Expert Pro Panalitical diffractometer
with Cu Ka (1,5418 z&) radiation and TOPAS software
based on the Rietveld method.

A Gunpower SSS air rifle with a noise suppressor
Padrao Armas was used for the ballistic tests. The
projectile was a 22-gauge lead shot with an estimated
mass of 3.3g. The muzzle speed was measured using
an Air Chrony MK3 ballistic chronograph with a pre-
cision of 0.15 m/s and the residual speed was measu-
red using a ProChrono Pal ballistic chronograph with
a precision of 0.31 m/s.

After the ballistic tests, images of samples with 7%
hematite were obtained in a FEI Quanta FEG 250
SEM.

The electromagnetic characterization of the com-
posites was performed by reflectivity/absorption me-
asurements using the waveguide technique in the X-
-band of the electromagnetic spectrum (8 to 12 GHz).
This device was coupled to an KEYSIGHT PNA-L
Network Analyzer (model N5232A) with a frequency
generator (300 kHz-20 GHz). The reference material
used to evaluate the absorption efficiency of the com-
posites was an aluminum plate, which reflects 100% of
the incident radiation.

2.4 Relative mass M_

The relative mass M_was calculated using Eq. 1 to
express the relative amount of impregnation of ara-

mid by the fluid[11]:

M_ = (Mass of composite — Mass of aramid)/ Mass of
(1

aramid.

2.5 Absorption energy (E

abs)

In the energy absorption tests, the air rifle was po-
sitioned 5 m away from the target, which consisted of
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a square sample attached to an MDF circular frame
secured by a bench vise and aligned perpendicularly
to the rifle. A ballistic chronograph was placed 10 cm
away from the exit of the noise suppressor and ano-
ther ballistic chronograph was placed 10 cm behind
the composite to determine the residual speed of the
projectile. The absorption energy was estimated using
the equation

E, =M @ =022 (2)

in which M 'is the projectile mass, v is the impact
speed and v_is the residual speed[20]. Pasquali et
al.[21] showed that energy is absorbed by a target of
thin woven fabric due to six absorption/dissipation
mechanisms: cone formation on back face of the tar-
get ; tensile failure of primary yarns ; deformation of
secondary yarns ; shear plugging ; delamination on-
set and growth; and matrix cracking[22,23].

2.6 Depth of penetration (DOP)

In the DOP tests, the air rifle was positioned 5 m
away from the target, which consisted of a square
sample attached with adhesive tape to an MDF pla-
te and aligned perpendicularly to the rifle[24-29]. A
noise suppressor was used to increase the stability of
the projectile at the exit of the air rifle by reducing
the swirling caused by the exhaust. MDF plates were
used as bulkheads because MDF is a homogeneous
material, flat and dense, without the grain of solid
wood. The ballistic chronograph was placed 10 cm
away from the exit of the noise suppressor. When the
distance between the air gun and the target is small,
as in this case, the impact speed may be replaced by
the muzzle speed[30].

2.7 Merit factor

Since, in the ballistic test, the samples are thin and
homogeneous, projectile deceleration @ can be assu-
med to be constant. Applying Newton’s second law

a=—FM, (3)
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where F is the force on the projectile, the Torricelli
equation may be written in the form

v2 =02 =2(FM)d 4)

in which d is the distance traveled by the projectile.
Replacing Eq. 2 in Eq. 4 and dividing by the relative
mass M, we have

E, /M d)=F/M, )

A merit factor MF was defined as the ratio shown
in Eq. 5 with DOP = d:

MF=E,, / M_DOP 6)

3. Results and discussion

3.1 X-ray diffraction

Figure 1 shows the X-ray diffraction pattern of the
nanoparticles. The diffractogram showed 100% he-
matite, with 20 nm crystallite size and a GOF (Good-
ness of Fit) of 1.29.

Figure 1 - X-ray diffractogram of the nanoparticles.

3.2 Ballistic tests

The ballistic tests consisted of measuring the ener-
gy absorbed by the composite and the depth of pe-
netration (DOP) of a projectile on a medium density
fiberboard (MDF) bulkhead.

All shots completely penetrated the sample. One
shot was made in each experiment, and five experi-
ments were performed for each composition.




Table 1 shows the composite relative mass (M),
the absorption energy (£, ), the depth of penetration
(DOP) and the merit factor (MF) for all compositions.
The energy absorbed is maximum for the samples
with 7% hematite, while the DOP is minimum for

Table 1 - Average results of the ballistic tests.
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samples with 9% hematite. This is attributed to the
fact that the use of a bulkhead changes the mecha-
nical behavior of the aramid fabric, favoring the bre-
aking of primary fibers, which becomes an important
energy absorption mechanism.

A00 0.58 = 0.07 5.70 £ 0.75 29.85 = 0.35 32.72 + 2.26
A03 0.62 = 0.07 6.66 = 0.91 27.75 + 0.39 38.71 = 3.00
A05 0.64 = 0.06 6.69 = 0.40 33.00 = 043 31.68 = 1.40
A07 0.57 = 0.07 7.74 = 0.58 28.58 = 0.55 47.51 = 2.78
A09 0.56 = 0.06 6.01 £ 0.76 26.70 = 0.40 40.20 = 2.71
All 0.53 = 0.07 5.21 = 0.37 29.92 + 0.27 32.85 £ 1.67
Al3 0.61 = 0.06 6.51 = 0.66 33.93 = 0.55 31.45 = 1.87
Alb 0.58 = 0.06 5.51 = 0.54 27.97 £ 0.57 33.96 = 2.12
Al7 0.68 = 0.09 6.14 = 0.55 31.52 = 0.50 28.65 = 1.78

Figure 2 shows the dependence of the merit factor
on hematite concentration. MF values were calculated
using Eq. 2 with the values of £, DOP and M_given
in Table 1. The sample with the highest MF value was
the one with 7% hematite (A07).

Figure 2 - Dependence of the merit factor on he-
matite concentration.

Figure 3 shows a sample with 7% hematite af-
ter the energy absorption test. One can see defor-
med primary and secondary yarns due to extended

strain throughout the sample, suggesting a moderate
pullout force.

Figure 3 - Sample with 7% hematite after the ener-
gy absorption test.
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3.5 SEM images of an AQ7 sample

Figure 4 shows SEM images of a sample with 7%
hematite (A07) before and after the ballistic test. Be-
fore the ballistic test (a), there is an excess of load that
does not impregnate the aramid yarns and thus does
not contribute significantly to ballistic resistance; and
after the ballistic test (b), there is almost no excess of
load, except in the bottom right of the image, where
one can see clusters probably due to the impact[26].
The impact regions, which are not shown, are in the
direction of the upper left corner of the images.

Figure 4 - SEM image of samples with 7% hematite
(a) before and (b) after the impact.

(a)

(b)
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3.4 Reflectivity/absorption measurements

As shown in Figure 5, the dielectric loss €7/€” is ma-
ximum and the reflectivity loss is minimum for a con-
centration of 3% hematite. According to Huo et al.[31],
this is due to the fact that for hematite concentrations
larger than 3%, the skin depth becomes very small due
to increasing conductivity and most of the electromag-
netic wave is reflected. As shown in Figure 6, the mag-
netic loss u”/i’ 1s maximum for 11 wt% hematite in the
8.2 to 11.6 GHz frequency range, but this effect is not
enough to compensate the reflection loss caused by in-
creasing conductivity, shown in Figure 5 (a). That is
why, according to Figure 5 (b), it does not display the
best performance in terms of reflectivity.

Figure 5 - (a) Dielectric and (b) reflectivity loss for
pure aramid and aramid impregnated with an STF

with 3%, 7%, 11% and 17% hematite.

(@)

(b)
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Figure 6 - Magnetic loss for pure aramid and ara- 4. Conclusions
mid impregnated with an SFT with 3%, 7%, 11% and

17% hematite. the composites with 7% hematite had the best

ballistic behavior, while the composites with 3 wt%
and 11% hematite had the best microwave absorp-
tion properties in terms of dielectric and magnetic
loss, respectively. A reasonable compromise between
ballistic resistance and microwave absorption seems
to be using aramid fabric impregnated with 7 wt%
hematite.
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ABSTRACT: There are several hypotheses to explain the failures of
osseointegrated titanium dental implants. Some possible explanations
are the alterations in the mechanical properties of the maxillary bones,
the surgical technique employed with excessive torques, the inadequate
shape of the implants, and the deficient treatment of the surface of the
implants. This work aims to measure the strain in the bone, quantify
the insertion torque, and analyze the influence of surface treatment
on the primary stability of dental implants. Extensometry tests were
performed using strain gauges, and the insertion torque of the implants
in synthetic polyurethane bone with a density of 30 PCF (0.48 g/em’)
was determined. The tests quantified the deformations in the synthetic
bone and the maximum insertion torques of implants with the surface
treated with double acid etching and without treatment (machined).
The resulls showed that implants without surface treatment induce
greater bone deformation, require lower insertion torque, have lower
primary stability, and, in some essays, induce microcracks formation
in the bone during insertion. Implants with an acid-treated surface
perform better.

KEYWORDS: Dental Implant, Surface Treatment, Primary Stability.

1. Introduction

ental implants’ primary (mechanical)

stability is quantified during or imme-

diately after installation. Available stu-
dies do not provide data on the limit of compressi-
ve tension, which is transmitted to the bone during
the insertion of dental implants. During implant
installation, primary stability can be measured by
insertion torque, with Periotest, or by resonant fre-
quency analysis (RFA). Of these methods, measuring
insertion torque is the simplest and provides the most
accurate data to estimate the primary stability of im-
plants. Compared to other methods, it is possible to
more easily qualify bone density and primary stabili-
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RESUMO: Sao propostas vdrias hipdteses para explicar as falhas
dos implantes dentdrios de titdnio osseointegrdveis. Entre as possiveis
explicagoes destacam-se as alleragoes das propriedades mecanicas dos
ossos maxilares, a técnica cirirgica empregada com uso de torques
excessivos, a forma inadequada dos implantes e o tratamento deficiente
da superficie dos implantes. Os objetivos deste trabalho sdo medir
a deformagdao no osso, quantificar o torque de inser¢do e analisar a
influéncia do tratamento da superficie na estabilidade primdria dos
implantes dentdrios. Foram realizados ensaios de extensomelria com o
uso de strain gauges e determinado o torque de inser¢ao dos implantes em
osso sintético de poliuretano com densidade 30 PCF (0,48 g/cm’). Nos
ensaios foram quantificadas as deformagoes no osso sintético e os torques
mdximo de inser¢ao de implantes com a superficie tratada com duplo
ataque dcido e sem tratamento (usinado). Os resultados mostraram que
os implantes sem tratamento de superficie induzem maior deformagdo no
0550, necessitam de menor torque de inser¢do, possuem menor estabilidade
primdria e em alguns ensaios induziram a formagao de microtrincas no
osso durante a inser¢ao. Os implantes com superficie tratada com dcido
apresentam melhor desempenho.

PALAVRAS-CHAVE: Implante dentdrio, Tratamento de superficie,
Estabilidade primdria.

ty at surgery by measuring the insertion torque. The
primary stability of implants is affected by several
factors, including body shape, diameter, length, and
thread profile [1,2,3].

The surgical technique, the amount and den-
sity of bone available, and the morphology of the
implant surface influence the success or failure of
implants [2,3].

Nowadays, paradigm shifts have emerged in ter-
ms of how the surface characteristics of biomaterials
influence biological response. Both microroughness
and wettability increase surface energy, improve
cell contact, and improve the osseointegration of
titanium implants. Synergistic effects of nanoscale
topography features, wettability, and quality of the
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implant-bone interface are relevant to the success of
implant systems.

Surface treatments influence the osseointegra-
tion process, wettability, roughness, and morpholo-
gy. The roughness of the implants’ surface changes
the adhesion and fixation of the osteogenic cells.
Roughness can be quantified by several parame-
ters, in which Ra is the most used, representing the
arithmetic mean value of the size of the peaks and
valleys on the surface regarding an imaginary mean
line calculated. Regarding the roughness size of the
implants, it can be divided into three levels: macro-
roughness, microroughness, and nanoroughness.
Macroroughness with an order of magnitude of a
millimeter does not influence osseointegration but
affects the distribution of forces to the bone and the
implant’s stability [4]. Ideally, the roughness (Ra)
of the implant body required for bone formation is
between 1.0 and 2.0 pm [5]. Roughness around 1.0
pm (Ra) in the subepithelial segment region ena-
bles the subepithelial connective tissue adhesion.
The endobone region’s implant surface should in-
duce bone regeneration and remodeling, promote
optimal load distribution, increase the contact area,
and lead to maximum cell deposition [4].

The surface wettability interferes with cell beha-
vior and is evaluated by the contact angle. The che-
mical composition and surface energy are essential
for osteoblast adhesion, the first phase of interaction
between cells and the biomaterial, guiding cell pro-
liferation in contact with the implant. Different sur-
face treatments are used to change the morphology,
topography, roughness, chemical composition, ener-
gy level, and decrease the contact angle to increase
osseointegration with the best mechanical and biolo-
gical anchorage [3].

Implant surfaces determine primary interfacial
reactions with blood, bone cells, epithelial, and con-
nective tissue components, such as macromolecule
adsorption, cell adhesion, proliferation, and diffe-
rentiation [5].

During surgery, the cavity prepared in the bone
for the insertion of dental implants is filled with

blood due to the rupture of damaged blood ves-
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sels and vascular trauma to the bone. Fibrin clot
formation is associated with most wound healing
processes and is linked to initial osseointegration
reactions. The blood clot is used as a framework
for migrating mesenchymal stem cells and the se-
cretion of fibrinolytic enzymes. This migration pro-
cess to a temporary connective tissue framework
is called osteoconduction, being the first phase of
osseointegration. After osteoconduction, the “new
bone” formation occurs, which is initiated by the
differentiation of osteoblasts [5].

Implant surface treatments aim to reduce the lo-
ading time of the prosthesis after surgery; accelerate
bone growth and maturation to allow immediate lo-
ading; increase primary stability; ensure successful
application in bone with lower density and quantity;
obtain bone growth directly on the implant surface;
obtain the largest possible area of osseointegration;
obtain bone-implant contact without the interposi-
tion of amorphous protein layers; attract osteoblas-
tic, pre-osteoblastic and mesenchymal cells; attract
specific binding proteins to osteogenic cells (fibro-
nectin); and obtain the highest possible concentra-
tion of cell-binding proteins [3].

Moderately rough oral implants are the most
used, based on scientific evidence that such surfa-
ces provide better bone response. A general trend
in in vivo experiments is that the increase in the
value of the As roughness parameter, which quanti-
fies the arithmetic mean height of the peaks of the
irregularities on the surface, increases the resistan-
ce to interfacial shear [6]. Halldin et al. (2015) [6]
estimated the shear strength of the bone-implant
interface for different surfaces. It was found that
the surface with Sa of 1.51 pm increases the shear
strength of the bone-implant interface by 45% rela-
tive to the surface with Sa 0of 0.91 pm after 12 weeks
of healing [7].

Modifying the implant surface is recommended
to increase the contact area of the implant with the
bone, enable better shear strength of the bone-im-
plant interface, and increase the friction coefficient
[8]. It is essential to analyze the stress on the cortical
bone and surface roughness in the region to avoid
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bone loss around the dental implant. It was observed
that as the stress on the cortical bone increases, bone
loss increases.

Tabassum et al. (2009) [9] measured the roughness
of the implant surface and observed, by topographic
evaluation, that the machined surface has a signifi-
cantly lower mean surface roughness (Ra = 0.45 pm)
than the acid-conditioned surface (Ra = 1.47 pm).

This work shows the purpose of evaluating the pri-
mary stability of implants with treated surfaces and
machined using a strain gauge. This device is used in
extensometry testing to measure the strain suffered
by an object. The deformation changes the length of
the strain gauge, varying its electrical resistance. The
strain gauge is connected to an analog-digital ampli-
fier and to the software that quantifies the deforma-
tion suffered by the material [1].

2. Material and method

In this work, dental implants were inserted into
specimens made of rigid polyurethane foam (Nacio-
nalOssos ®, Jad, Sao Paulo) with a density of 30 PCF
(0.48 g/cm?) and a modulus of elasticity of 305.73
MPa, compatible with natural bone D2. Specimens
in the form of a parallelepiped with a width of 50
mm and a height of 19 mm were used to insert the
implants. The implants were 5 mm in diameter, and
the specimen was 7 mm thick. The properties of the
blocks are detailed in the ASTM F-1839-08 standard
(Standard Specification for Rigid Polyurethane for
use as a Standard Material for Testing Orthopaedic
Devices and Instruments).

Strain gauges rectangular (Model PA-06-040 AB-
120 - Excell Sensores, Taboao da Serra, Sao Paulo,
Brazil) were glued to the upper edge of the speci-
mens (Figure 1). The measuring axis was aligned
perpendicular to the perforations. This configura-
tion enabled the quantification of the deformations
resulting from the compressive tension during im-
plant insertion. In each polyurethane block, five
implants were installed, with a spacing of 10 mm
between them.

77 * RMCT

Figure 1 - Strain gauges glued to the specimen

Two implant models (Figure 2) with two surfa-
ce treatments were used. Easy-Grip implants with
Porous surface® with double acid etching and the
Master Screw machined implant from the company
Conexao Sistema de Prétese (Aruja, Sao Paulo).
The goal was to compare the influence of surface
treatment on the insertion torque and synthetic
bone strain.

Figures 2 - a) Easy Grip 5x15mm implant with the
Porous surface; b) Easy Grip implant installed in the
specimen; ¢) Machined implant (Master Screw)

The implants with a diameter of 5.0 mm and a
length of 15.0 mm were inserted into cavities pre-
pared with the initial drilling performed with a pilot
drill of 2.0 mm in diameter and rotation of 1,200
rpm. Next, 2.5, 3, 3.5, 4, and 4.5 mm diameter drills
were used.

The block was attached to a TSS400 digital
torque wrench (FUTEK, Irvine, CA, USA) with a
capacity of 113 N.cm. The perforation for implant
insertion was aligned with the rotation axis of the
motor. The strain gauges were connected to the
analog-digital-Spider 8 interface (HBM — Darms-



ladt- Germany). This system was configured for a
data acquisition rate of 50 Hz, with a resolution of
16 bits. The implants were inserted by a stepper
motor with a constant rotation of 25 rpm. Figure 3
shows the outline of the procedures.

Figure 3 - Experiment assembly scheme

Results

Figures 4 and 5 and Table 1 show the results
of the extensometry tests. It was possible to note
that the surfaces of the implants with treated sur-
faces showed greater plastic deformation, induced
less tension in the bone, and required higher inser-
tion torque.

Figure 4 - Variation curves of plastic deformation
and torque during the installation of implants without

surface treatment (Master Screw)
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Figure 5 - Plastic Deformation and Torque Varia-
tion Curves During Implants Installation with Surfa-
ce Treatment (Porous Surface)

Table 1 - Deformation, insertion torque, and com-
pressive tension during implant installation in synthe-
tic bone

1.753
1.987

573 £2.86 53.9 %123

Easy Grip
Master Screw 6.47 = 2.48

436 £ 7.5

4. Discussion

The superficial roughness of the implants reduces
bone healing time, provides greater mechanical lo-
cking, and increases primary stability [2].

The machined Master Screw implant has circular
grooves from the manufacturing process. The surface
of acid-etched implants (Porous surface) is more ho-
mogeneous than the machined surface. Surface tre-
atment significantly alters the roughness parameters,
which influence the interaction of the surface with
proteins and cells, inducing osteogenesis, which can
be evaluated by the implant removal torque [2].

Elias et al. (2012) [2] obtained an insertion tor-
que of 45.86 N.cm for the installation of 3.75 x 13
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mm Master Screw machined implants in polyure-
thane foam. The authors emphasize that machined
implants surface have the lowest insertion torque
compared to treated surfaces. The machined im-
plant has lower surface roughness [1]. The inser-
tion torque for the acid-conditioned implant is
greater than that of the machined implant and less
than that of the anodized implant. Implants with
treated surfaces showed higher roughness, coeffi-
cient of friction, and insertion torque than machi-
ned implants. The surface roughness results and
friction coefficients agree with the insertion torque
results. Based on the results, the authors conclude
that the anodized surface of the dental implant can
be considered the best surface for osseointegration
and primary stability [2].

Modifying the implants’ surface is recommended
to increase the bone-to-implant contact area, enabling
greater resistance to shear forces and a higher coeffi-
cient of friction [9].

Santiago Junior et al. (2016) [10] observed that
surface-treated implants induce greater tension and
deformation in the cortical bone than machined im-
plants. However, axial tension distribution is better in
the peri-implant bone. The authors attribute this result
to the increase in implants with treated surface areas.

Veis et al. (2017) [11] recommend using implants
with a rough surface to improve primary stability. The
authors add that the surface morphology of an im-
plant influences the rate and extent of bone-implant
fixation, which is expressed by the amount of bone-
-implant contact (BIC). In low bone density places,
implants with an acid-treated surface are indicated.

Through finite element analysis, Bahrami et al.
(2014) [12] analyzed the effect of surface treatments
on tension distribution at the bone-implant interface
in implants inserted in the mandible with immediate
loading. The implant surfaces were divided based on
the coefficient of friction: polished (CA = 0.4), plasma
spray (CA = 1.0), sandblasted (CA = 0.68), implant
with roughness in the polished coronal region (CA =
0.4), and treated with plasma spray (CA = 1). The
increase in the roughness of the implant surfaces in-
creases the maximum tension on the cortical bone,
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and the increase in the coefficient reduces the tension
levels at the interface with the trabecular bone. Using
a two-part surface treatment technique, with a low co-
efficient of friction at the interface with the cortical
bone and a higher coefficient of friction at the inter-
face with the trabecular bone, optimizes the tension
levels at the bone-implant interface.

Figure 6 - Specimen showing cracks after machi-
ned implants insertion (Master Screw)

In this study, the machined implants induced gre-
ater bone deformation and were inserted with lower
torque when compared to implants with an acid-
-etched surface (Porous). In addition, cracks were ob-
served in the synthetic bone after the installation of
machined implants.

The data in this study are different from those in
the literature. One explanation for this contradic-
tion is that, in the available studies, the tension on
the bone is calculated by applying axial and oblique
loading force to the implant abutment. However, the
circumferential compression tension during implant
insertion was determined. The tension is better dis-
tributed by increasing the surface area of the surface-
-treated implants, and the higher torque can be at-
tributed to the coefficient of friction caused by the
increase in roughness.

5. Conclusion

The results show that:
a. Machined implants induce greater deformation
and compressive tension in the bone and require
lower insertion torque. This result can be attribu-
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ted to the smaller bone-implant contact area and c¢. Implants with a surface treated with double acid
the lower frictional force. etching (Porous) induce less deformation and ten-
The machined implants induced the formation of sion in the bone during insertion, minimizing the
cracks in the bone during insertion due to the lo- risks of excessive compression, bone necrosis, and
wer distribution of tension in the synthetic bone. microfractures, which would lead to implant loss.
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