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EXPERIMENTAL SYSTEM FOR CHARGING AND TESTING
BATTERIES SPECIFIC TO MULTIROTOR DRONES

Vasile PLESCA, Sanda Victorinne PATURCA
Politehnica University of Bucharest, Romania
e-mail: adi_plesca@yahoo.com

ABSTRACT

The experimental stand created is made for charging, testing and monitoring
the processes that take place at a drone, in a static and also dynamic manner. On
this platform we have developed, created and tested various kinds of sensors, and
charging methods, rechargeable batteries, multicopper drones, automatically
without disconnecting or disassembling them from the drones they serve. Also, at
this level we fitted a flat zone, that is polarized where the drone will land, in a
controlled manner and after a preliminary testing of polarity and of tension level,
the charging will begin, as its parameters will carefully monitored.

KEYWORDS: experimental stand, Li-Po battery, drones, increasing autonomy

1. Introduction

The drone as defined is a UAV device
(Unmanned Aerial Vehicle) capable of flying,
without being piloted by a person on board, it is
automatic and is driven from a distance by a
specialised operator, through a remote control. As
was the case with the evolution of internet and then of
mobile phones, drones have gone being exclusive for
military purposes to the civil, where thanks to its
remarkable advantages it quickly had a major impact
on the industry. At first, due to large costs of owning
but mostly maintaining one, they were small and had
limited features. But since their limited applications
did not raise any interest, and their autonomy was
limited by costs, to a usage of only a few minutes,
enough for scanning areas that were only visible to

the operator, the production costs as well as costs for
buying one are fair. As time passed, technological
development had led to an increased efficiency and
minimising of some hardware components, from the
drone’s structure, and protocols and specific sensors
have evolved, becoming more and more reliable. It
was obvious that with this development that their
price also continued to drop, so civil drones became
more and more like professional drones ensuring a
transport capacity sufficient for more and more
complex operations. Moreover, the development of
phones and tablets has increased the capacity of
monitoring and control of such systems, through a
remote control and an app that runs on tablets or
smartphones and which does not use too many
resources.
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With this in mind, technological limitations still
exist, mostly concerning charging, because of the
weak development of batteries. Finding an optimal
battery is a constant concern of all factors present
here. The goal is finding a balance between
performance, flight time and battery charging
capacity. Li-lon and Li-Polymer batteries are most
commonly used ones because of their large energy
capacity and discharge capacity. In static mode this
battery is well known and its charging and
discharging capacities are relatively well known if a
known charger is used for the specific voltage and
power of that battery. The problems occur when the
charging is automatic, autonomous, because in the
case of an error the result will be a large flame or an
explosion. There have been various attempts to make
drone charging automatic, but none have as far as to
completely automatise the whole process of charging,
for this kind of batteries to become autonomous, this
is what we all want. So, drones are captive to an
operator that has to monitor the charging process,
even if the drones have to be ordered from thousands
of km away.

2. Automatic system for charging drone
batteries

The presence of drones in industry has brought a
lot of changes in many fields, mostly taking away the
burden that existed before they were invented.
Increasing the flight autonomy and automating the
charging process would allow the drones to work
autonomously, according to algorithms clearly
implemented at their level, or be controlled from
remote locations, without needing the presence of a
human operator in the monitored location.

From the energy analysis performed on several
types of drones, the biggest consumer of a drone is
the propulsion system, for example the engines that
can be a minimum of 3 or maximum 8, with
continuous operation, at speeds and variable energy
consumption depending on the piloting style and the
mission at hand. Another important consumer is the
telemetry system, which transmits critical data on
board the drone, such as: battery status, geographical
position on X, Y and Z and videos, photos, specific to
navigation, captured in real time by the video system
located on the drone, etc., but which has a predictable
consumption, within acceptable limits. Also, on the
drone platform is the sensor system that can contain a
series of mission-specific sensors and optionally a
professional media capture system, in various spectra,
visible and/or infrared, depending on the mission
profile can be captured, with a consumption that can
be estimated. Most of the time this system is placed
on a gimbal support, which can be operated remotely.

This is another energy consuming element, because it
can be driven by 2 or 4 motors, and its consumption
cannot be determined [1-3].

All these components have an impact on flight
autonomy, being powered by one or two large
capacity batteries, which can generally ensure a
continuous flight with an average of 30 minutes. But
in the case of a repetitive mission that may require
flying over a high security zone or an objective with a
large enough surface, such as photovoltaic power
plants, even if the information captured from the
sensors can be easily transmitted remotely, the
limitations imposed by the batteries make the
presence of specialized personnel at the location
mandatory, in order to change the battery packs when
they discharge.

Thus, in this paper | will present an automatic
system for recharging a multi engine drone’s
batteries, without disconnecting them from the drone.
To do this, | have created an experimental stand
where | tested various conductive methods, that had
as an object the charging of batteries in completely
safe conditions with the possibility of controlling the
whole system from distance.

Fig. 2. Showing the contact system between the
padding of the drone and the probe [3]

This being an experimental stand | have
imposed certain limits of weight and electric
parameters, thus it had all been thought after for
drones with a maximum span of the landing gear of
600 x 250 mm with Li-lon and Li-Po batteries with a
maximum of 6 cells in series, that is about 6S - 22,2
V, 22000 mAh (Figure 1). The whole system is split
into 2 main modules; the fixed base, which houses the
main charging source, the system controller, the web
server for monitoring/ local control or distant control
and the only module placed on the drone that contains
an BMS — Battery Management System [1, 4, 10]
specially built for this autonomous charging source
(Figure 3). Between the 2 modules there two clear
links, a physical link that which is based on direct
power contact between the BMS system placed on the
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drone and the charging area through some probes
installed on the landing gear of the drone and a
wireless link through which data collected from the
BMS system are integrated in the implemented
algorithm of the microprocessor placed on the fixed
padding. The contact areas of the stand are made of a
board with copper probes to ensure a perfect contact
between the poles of the system; starting the charging
process is done only once the drone has landed and
firmly contacts the ground without generating
disturbances because of the electric arc.

All monitoring and safety systems have been
doubled according to recommendations of the IEEE
1625-2008 standard [4], practically eliminating the
errors or problems caused by a fault at the sensors.

The components of the system are simple but
work in tandem according to a well-developed
algorithm that responds efficiently to the events that
occur. According to the place where they are placed
in the system, they are mostly mounted on the stand,
only a small part is placed on the drone.

The ones located on the drone actually deal with
the protection of the battery and the drone they serve.
All the modules located here are miniature and
chosen especially by the lowest possible weight,
because through the system described here, | do not
want to decrease its main characteristics: transport
capacity and manoeuvrability of the drone. At the
drone level, the most important parameter monitored
by BMS is the battery temperature; the temperature
reading is done with the DS1820 digital sensor, which
has a measuring range between -55 °C + +125 °C,
enough to monitor lithium technology batteries and a
resolution of up to 12 bits.

All parameters read at the drone are transmitted
to the microcontroller on the base, via a LORA
module (Figure 3), which together with the
information collected from its sensors makes quick
decisions to protect the battery and the drone by
default, stopping charging or limiting the charging
current, when the situation demands it.
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Fig. 3. General scheme BMS - module located on the drone

The Li-Po cells that make up these batteries are
mini electrochemical systems. Depending on the
requirements of the application they serve, to achieve
the optimal voltage or capacity, they are
interconnected in series or in parallel and are denoted
by xSyP, where x is the number of cells in series, and
y represents the number of cells in parallel [1, 4, 10].
But each cell has a unique self-discharge rate, a
nominal capacity and especially a unique impedance,
which varies over time, randomly, depending on
several parameters. If the cells are connected in

parallel these differences are not a problem during
operation, because they will always find a way to
balance their voltage level naturally. However, care
must be taken that these voltage differences are not
large enough to generate current shocks at
connection, or rapid temperature rises, which would
inevitably lead to the destruction of the cell package.
Problems occur when cells are interconnected in
series, because the cells are not ideal voltage sources,
and the variations are quite large from cell to cell.
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The capacity of the battery [mAh] expresses the
possible current generated by it in one hour, or half of
this current for two hours, etc. until the battery
reaches the minimum discharge threshold. Increasing
the battery capacity can be done by connecting
several cells in parallel [1].

Another quite important element is the "C rate" -
the constant discharge of the battery together with the
previous parameter provides information about the
maximum amperage that can be safely discharged
from the battery in a constant way, but also the
recommended charging current.

Regarding the voltage at the battery terminals
[V], for a LiPo battery, in general, three reference
voltages are defined: the nominal voltage specified by
the manufacturer, which is generally a multiple of 3.7
x no. of inserted cells, the maximum voltage per cell
4.2 V - the battery is fully charged when each cell
reaches this value and the minimum discharge voltage
3.0 V per cell. Theoretically, the maximum voltage at
the battery terminals divided by the total number of
cells interconnected in series should not exceed 4.2 V
per cell. But in practice, during the charging process,
things are not like that, and when the voltage in the
cells exceeds 4.2 V even by a few hundred millivolts,
the cell temperature rises rapidly, destroying the
battery [1].

Protecting the battery by stopping the charging
process when a cell reaches the maximum level of
charging accepted (4.2 V) is not a solution because
the charging would not be complete, and an
incomplete charging will ruin the battery yield, which
is based on a lower usage time given the minimum
safety tension (3.0 V) of a cell at a given time and the
maximum tension of a cell in the pack (4.2 V). From
here comes the need of the maximum possible
energy.

Currently, there are two major equilibrium
classes: active and passive, that use various circuit
topologies. The most used ones have a series of
control algorithms, SoC based on history and tension,
but both have the same objective: to monitor and
balance the charge at each cell. That being said,
developing a balance with more characteristics of
control implemented would raise the yield and would
prolong the life of a battery, but the cost of such a
charger would be quite big. So, the producers of such
chargers impose a passive equilibrium system.

Types of balancing systems used for Li-Po
battery [1, 4, 10]

Cell voltage balancing through By-pass. This
type of balancing module uses a simple voltage
comparator that controls a power MOSFET mounted
in parallel on each cell.

Cell voltage balancing by charge redistribution.
Basically, the system tests each cell and through
switching circuits transfers the excess energy to the

weaker cells. This module is very expensive but it is
very efficient and has the great advantage that it does
not depend on the current generated by the charger,
being able to perform cell balancing in any
conditions.

Fig. 4. Various types of levelling Li-Po cells

Energy transport between cells. This method
also transfers energy to weaker cells but uses
capacitors for this so the system is more affordable.
Unlike the previous method, this one is very slow and
has a fairly large size.

Inductive converter. This balancing system uses
the concept of power converter in switching mode
and performs balancing directly on each cell,
independently of the others. But it has the
disadvantage that it is very expensive and has a fairly
large size and weight.

Analysing all these balancing methods and
taking into account the limitations given by the
weight of the BMS to be placed on the drone, and in
solidarity with its battery, 1 have come to the
conclusion that creating a minimally customized
system is the only solution. In addition, the idea of
integrating in the system a standard BMS module like
the ones in the previous figure, after testing them |1
came to the conclusion that none of them offer the
necessary specifications, and neither the required
safety.

3. Description of the implemented
algorithm

The algorithm implemented in this project
requires the charging of Li-Polymer batteries using
the most common charging method, which follows
the alignment of the charging curve in Figure 5. This
method has three main phases: preload, constant
current charging and constant voltage charging [1, 4,
10].

Phase I. In the preload phase, first of all, the
temperature of the environment and of the package of
cells that form the battery are tested. If the
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temperature is not in the optimal temperature range: 0
+ 50° Celsius, the beginning of the charging process
at low temperatures favours the appearance of
metallic lithium which means the accentuated
degradation of the electrodes that form the cell, and in
case of a temperature above the upper limit results in
accelerated degradation of the cell and implicitly of
the battery. If the temperature of the cells is within
the accepted limits then the charging process begins,
charging the battery at a rate of 10% of the nominal
charging capacity, up to a voltage of 3.0 V on each
cell.

Basically, in this phase the integrity of the cells
is tested, thus the passive layer is regenerated, which
would be affected if the battery had been stored for a
longer period of time, and if the cell voltage does not
reach the value of 3.0 V in a predetermined time (30
minutes), then the loading process ends with an error,
because structurally or chemically the cells are
compromised. If the voltage on each cell exceeds the
3.0 V threshold then the charging process enters
phase 2.

4.20 V/cell H
420 r====mmmmmmemeeqeee—————— e —— ———— 3.0
Cell Voltage [V] E
E‘ : e Charging Current [A] %
O [ -
© ! )
Za00 200 Neell N e N N =
© ! ©
~ 1 1.05
______ charge CC ____ichargeCV *~
1
Stage T _‘L Stage IT _L Stage III R
Pre charge ' i g

Fig. 5. LiPo battery charge profile, using the constant current / constant voltage model

Phase 1l. In this phase the level of the charging
current is kept at a constant, limited from 0.5 C to 1
C, to avoid heating the battery and ruining the cells.
For these tests | have kept the charging rate to 1 C,
the temperature remaining within the acceptable
limits for the test charger. The charging process
remains set on these parameters till the tension on
each cell reaches the maximum noted on the battery:
4.2 V. Even at this phase the temperature is
monitored. If the temperature passes the maximum
threshold the charging process is suspended till
temperature drops below 45 degrees. When the
tension reaches the noted value, we enter phase IlI.

Phase I11. In this phase of the charging process
the current begins to drop to a prescribed value and
the tension is the to a reference maximum value set in
phase II. Lowering the current is done naturally
because of the internal resistance of the battery to a
value of between 5-10% from the charging current
specified on the battery.

As a percentage phase Il is about 70% of the
total charging time, and phase Il is the remaining
30%. Generally speaking, the lower the internal
resistance of the battery, the lower the charging time
is also, and setting a charging current that is greater
makes passing through the two phases quicker. But
increasing current for charging over the specified

limit makes the lifetime of the battery drop a lot
because metallic Lithium appears which sets on the
anode. This is an aggressive metal that easily reacts to
the electrolyte leading to lithium loss, which in turn
leads to a reduction of battery life.

The implemented system here notes when the
battery has charged to 100%, by monitoring the
charging current, that ultimately drops slowly till it
reaches the value of C/20.This value is associated
with finishing the charging process, but for safety
reasons it can be doubled by measuring tension on
each cell of the battery. If all cells have a tension of
4.2 V, then the charging process is done.

Furthermore, as | stated above, during the entire
charging process, the battery temperature is
continuously monitored, and if it goes over the safety
interval the charging process is suspended by the
microcontroller. If the charging time is not a critical
one then, in order to eliminate the effects that could
appear on the battery structure, it is possible to set the
charging process to be a slower one, but not longer
than 3 to 5 hours, depending on the parameters of the
battery, but especially the age and condition of the
battery.

Another function implemented in the developed
charging stand algorithm is to detect the discharge
rate of Li-Po batteries. This is a rather important
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initial parameter, being imposed by their  but the energy density is lower. But the discharge rate

manufacturer depending on the application it serves,
and can vary quite a lot. For this they use thicker or
thinner active materials depending on the desired
application, the thin layers have a higher loading rate

decreases a lot when the temperature drops below 0
C, but also with the accumulation of a significant
number of charging cycles.

The necessary function for preparing these
batteries for safe storage has also been implemented,
for longer periods when the drone is no longer used.
Storing Li-lon batteries for a longer period of time is
done by bringing the voltage of each cell to a safety
value of 3.7 V, otherwise high voltages will lead to
corrosion of electrolytes, which destroy the battery
over time. This value of 3.7 V per cell is a minimum
accepted because a voltage lower than this can lead to
the dissolution of protective layer and also to its
irreparable damage. This type of battery, unlike NiCd
and NiMH batteries, has an almost imperceptible self-
discharge process, so it does not require additional
charging/discharging cycles during storage. But
storing these batteries at high temperatures can lead to
accidents or fires, and storing them at low
temperatures increases the shelf life.

4. Security elements implemented in the
algorithm

During the charging process but especially
during the operating process Li-Polymer batteries can
be easily subjected to stress, so the protections that
can act externally on the charging process are:
overvoltage, overcharging, overcurrent,
overtemperature, short to terminal or at the cell.

Overvoltage applied to the terminals of a battery
- may occur during the charging process if the main
source of the charger has failed. This has the
immediate effect of overheating the cells in a very
short time, and the result is damage to the cells and in
some cases their explosion with fire. To eliminate this
event during the charging process, the voltage on
each cell and at the base level, on the contact areas, is

Fig. 6. The monitoring and command module at the base level

measured. If the voltage exceeds the imposed limits,
the microcontroller commands to stop the charging
process, with event recording in the database and will
block the process until this defect is reset by a human
operator. The same can happen in case of accidental
polarity inversion. Thus, when the drone lands on the
loading pad, the correctness of the polarity is tested
and if the drone has settled properly and the contact is
firm, the loading process is started with the
observance of all the imposed limits. If the drone did
not respect the position drawn for landing then a
signal is issued to the drone system and / or to the
operator in charge of it, to resume the correct landing
process. To determine the polarity at the charging
pad, the circuit in the Figure 7 was used, which in
case of incorrect polarity will generate a voltage of 5
V at the input of the microcontroller, in which case it
will not allow the charging process to begin.

|~

H
all
lp]m o

|

o

Fig. 7. Polarity circuit test

The charging current and the correct polarity are
measured during the whole charging process, and in
case the drone is disconnected from the source or the

-10-
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polarity of the current changes, the whole process of
testing and charging starts from the beginning.

Battery overcharge - This parameter can be
determined thanks to the communication modules of
LORA type that have a coverage of kilometres. Thus,
during flight, the module placed on the drone will
send to base information about tension on each cell
and temperature of the battery. By analysing the
character of the curve of discharging the operator can
identify if the choice of drone battery was done
correctly or it has structural problems. Generally, a
super discharge has an immediate effect over the
battery and reduces its life more than it writes it does
because at low voltages the copper current collectors
of the battery are dissolved. If measures to remedy
this are taken quick turning back to normal
parameters is done during the charging process when
the copper sets on the respective electrodes.

Overcurrent during discharge - the occurrence
of overcurrent during discharge of the drone battery
on mission may be due to a defect caused by a
consumer or even a failure of a cell in the battery
component. In general, the battery can withstand an
occasional overcurrent but only for a very short time,
10 seconds and within acceptable limits, which in
most batteries is twice the rated capacity. When such
an event occurs, the battery temperature begins to rise
rapidly, so the operator will be warned to make an
emergency landing or if the drone flies autonomously
it will return to the charging pad, where it will pass
into a state of waiting evaluation from a human
operator. If the drone does not land in a short time,
the battery will overheat, and when its temperature
exceeds a critical value of 600 °C there is a chance of
almost 100% that the battery will be destroyed in
most cases and it will catch fire.

Overcurrent during charging - during the
charging process the current is monitored using a
specialized current transducer, so if an overcurrent
occurs, the entire system goes into safe mode. In
general, the charging current is in the range of 0.7-1 C
for ordinary batteries but can obviously be much
higher for high power batteries, specially designed for
such mode. Obviously, if no action is taken quickly,
the immediate effect is to increase the temperature
and in the second phase to cover the anode with a
Lithium metal powder. This phenomenon electrically
disconnects the respective area, and the battery
becomes more and more inefficient. If the process
continues, the Lithium metal powder reacts with the
electrolyte and the temperature in the cell reaches
several thousand degrees, resulting in the destruction
of the battery. This phenomenon can also occur when
charging the batteries at temperatures below zero
degrees Celsius, so to avoid it the stand was fitted
with a heating element that brings the battery to an

acceptable temperature level in compliance with
JEITA specifications.

Overvoltage at cell level - supplying the battery
with the voltage specified by the manufacturer during
the charging process does not eliminate the
occurrence of overvoltage in the cells that make it up.
This can occur if the cells initially have a different
SOC loading level and obviously if the cells have a
different self-discharge rate. Within the stand this
situation was avoided by the BMS created,
monitoring each cell and by means of the
microcontroller and the MOSFET, decisions are made
to isolate the cell or to reduce the charging current
applied to the respective cell, putting in parallel with
the resistance power.

Short circuit at the cell or battery level - this
type of fault occurs at the cell level and is the most
common, but unfortunately conventional chargers do
not provide protection at the cell level for this
parameter. At the moment, even manufacturers that
comply with international standards, specific to these
types of batteries, have not developed cell-level
protections, focusing on the protection of the entire
cell package. The charging system presented here
offers this protection on each cell, by isolating them
in case of a defect.

In the end we have reached a stable version that
includes several types of sensors. The stand tests the
electrical parameters of the drone, compares the
voltage level and the charging current initially set and
if everything is in order, the charging process starts.
The whole process is recorded in a database, and all
the data can be viewed in an almost instantaneous
time in a web page, from where various settings and
commands can be executed to the execution elements
of the system.

5. Conclusions

Automating the battery charging process,
without disconnecting them from the drone, opens
new horizons for an autonomous usage regime of
drone systems. Thus, these applications that involve
the repetitive scanning of some objectives or elements
found in areas that are hard to access, can be done
autonomously by implementing superior algorithms
at the drone and the navigation system. Such
applications can be: Perimeters that need continuous
security, scanning and defect detection at the level of
photovoltaic panels, agricultural crops, etc.

Creating a personalized BMS with complex
functions and managed through complex algorithms
that run on a microprocessor, increase the duration of
functioning of a battery, but mostly accidents that can
occur because of fire or explosion of such a battery
can be avoided; they mostly lead to the collapse of
the whole system of sensors including the drone
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support. Besides the fact that such a drone equipped
with sensors has a very large cost, where losses can
be in the order of thousands of euros, the uncontrolled
collapse can generate human and material accidents
where it crashes.

During the tests carried out on this stand, a
series of characteristics of consumption have been
determined at the level of the entire drone. Also,
several battery configurations have been tested: 1S1P,
2S1P, 3S1P, 3S2P, etc.

Because of the limited weight but mostly
because of the electrical parameters: tension and
maximum charging current, that can be set at a given
moment, the possibility of testing is extremely
limited. In a future test this will be tested and created
for electrical solar panels, with a centralized
configuration of inverters. Thus, for field tests the
generous sizes of the flat roof of these inverters will
be used for placing the charging stand.
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ABSTRACT

In this work, Molecular dynamics simulation was performed to study the
cascade damage evaluation initial from a 250 eV Primary Knock-on Atoms (PKAs)
in gold. For this purpose, the simulations were carried out using the molecular
dynamics code GRAPE to study the cooling phase of a cascade from the
thermodynamic point view. Interatomic interaction of the cascade was investigated
by the Morse potential and it is found that during the cooling phase of the cascade

local equilibrium was realized.

KEYWORDS: displacement cascade, primary damage, Morse potential,

molecular dynamics

1. Introduction

Radiation damage processes from initial defect
production to microstructure evolution occur over a
wide spectrum of the time and size scale. Atomic
collision sequences during the collisional phase
continue for a few tenth of picosecond in a small
region on nanometer scale. The subsequent cooling
phase takes place for nearly 10 sec [1, 2].

Molecular dynamics method is a well- defined
microscopic description of many-body system [3].
Computing the phase space trajectories of a collection
of molecules that individually obey classical laws of
motion  [4], molecular dynamics computer
simulations provide the most realistic description of
the primary damage state including the collisional and
cooling phase. Binary collision approximation
provides a realistic description of the gross features of
defect spatial distribution with requisite physical
reality in statistically significant numbers, including
the size, number and spacing of subcascades [5, 6].

The cascade damage methods are classified into
four stages (Thermal phase, -collisional phase,
diffusional phase and cooling phase). The cooling
phase is defined as stage of the dissipation of energies
deposited locally during the collisional phase, ending
when the cascade region reaches thermal equilibrium
with its surroundings. During the cooling phase,
average kinetic energy in a cascade core is well above
the melting temperature of materials and the
significant rearrangement of defects takes place,
including recombination and clustering, after the

cooling phase, interaction of point defects occurs by
normal, thermally activated diffusion [7].

Displacement cascade, in a material, can be
visualized as a series of elastic collisions initiated
with the lattice atoms, where the lattice atom is hit by
a high energy particle. The initially-bombard a target
is named PKA. The Norgett-Robinson-Torrens
(NRT) model suggested that the number of Frenkel
pairs produced by a PKA of energy [8-10]. It is used
to calculate radiation damage calculation method
exposure unit known as displacement per atom (dpa).
Thus, dpa has been used as a standard measure for
computing proton- neutron induced radiation damage
production from different radiation sources [11-15].
Molecular dynamics simulation of processes in
metals have been studied by many research groups
including temperature dependence of the processes of
cascade damage [16-18].

MDGRAPE code is a series of special-purpose
computer system built for particle-based simulations
such as molecular dynamics simulation [19, 20]. In
this paper, the primary states of cascade damage
processes are simulated to study the cooling phase in
gold, using the molecular dynamics simulation
method.

2. Molecular dynamics simulation
methods

A major computer simulation method to analyse
development processes of cascade damage is GRAPE
code to study the cooling phase of a cascade from the
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thermodynamic point view. Molecular dynamics are
performed to study a computational cell and to apply
many body interatomic potential based on embedded
atom method (EAM) [21] to description of atom
behaviour. In this paper, 250 eV cascade is simulated
in gold. One atom is chosen as 250 eV PKA in the
direction of [120], from the computational cell.
Computational cell contains 10800 gold atoms
corresponding to a rectangular parallelepiped of 15a0
x 1500 x 1200, where ap is the lattice constant. For
atoms in the vicinity of the boundary of the cell,
periodic boundary conditions are employed. A time
step equals to 3 x 10°° s for all the calculations. Since
the system is thermally insulated, in the present study,
interatomic interaction is described using pair- wise
Morse potential [22] which is adjusted by the
cohesive energy, elastic constants and compressibility
of gold.

3. Results and discussion

In this study, Molecular dynamics measurement
was performed to study the cooling phase of a
cascade in gold, considering from the thermodynamic
point view that the initial lattice temperature is 0 K.
Figure 1 shows the time dependence of the number of
displaced atoms for 250 eV cascade by using Morse
potential where a displaced atom is defined to be
displaced by over one-quarter of the lattice constant
from nearest lattice site. It is also shown that an initial
increase is followed by a decrease due to the
spontaneous recombination of unstable defect pairs.
Furthermore, durations of relaxation phases and
collisional are estimated to be both 0.13 psec. It also
observes the migration of a small number of
interstitial atoms during the following cooling phase.

Number of displaced atom

g AN A

0 T T T T T
0.0 0.5 1.0 1.5 2.0 25 30

Time (ps)

Fig. 1. Number of displaced atoms as a function
of time for a 250 eV cascade in gold using the
Morse potential

Figure 2 shows the time dependence of average
kinetic energy. In the collisional phase the average
kinetic energy rapidly decreases due to conversion of
the Kkinetic energy to potential energy, establishing
approximate equipartition of energy during the
subsequent cooling phase, the Kinetic energy remains
constant due to the thermally insulated system.
Furthermore, during the cooling phase, the migration
of interstitial atoms with relatively high Kkinetic
energies (0.1 ~ 1 eV) is observed.

180

120 4

Kinetic energy (eV)

60

Time (psec)

Fig. 2. Average kinetic energy as a function of
time for a 250 eV cascade in gold using the
Morse potential

Figure 3 shows the velocity distribution at 0.26,
0.52 and 2.0 psec. It is clear that the velocity
distribution of moving atoms can change and
gradually approaches the Maxwell Boltzmann
distribution. It is observed that from the initial stage
of the cooling phase, the system is strongly deviated
from thermal equilibrium, while, at top stage of the
cooling phase, equilibrium velocity distribution has
been almost established.

The velocity distribution of the central region is
almost close to the Maxwell Boltzmann distribution
as shown in Figure 4. However, statistics is not
enough to give a smooth curve. This result is
calculated using the adiabatic molecular dynamics
system where electronic contribution to dissipation of
thermal energies in cascades is not considered. Since
in noble metals as gold, the contribution is small due
to weak coupling of the electronic system with the
lattice. Thus, Figure 5 does not indicate an
equilibration between the electronic and lattice
systems. However, this figure seems to imply that at
least, local temperature of the lattice system can be
described even at such an early stage of the cooling
phase of cascade evolution.
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Fig. 3. Velocity distribution during the cooling
phase of cascade for three different times
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Fig. 4. A Comparison of velocity distributions
during the cooling phase of cascade at 0.4 psec

4. Conclusions

In this study, the primary states of cascade
damage processes are simulated to study the cooling
phase, using the molecular dynamics calculation at
250 eV in gold. At early stage in cascade cooling
phase, the total kinetic energy remains constant due to
the thermally insulated system, the velocity

may be applied to the simulation of cascade evolution
after the collisional phase. Accordingly, more work
could be done by using extremely high energy,
temperature and more metals.
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ABSTRACT

Used mainly in the construction of automobiles as a substitute for steel, or in
the metallurgical industry, mainly in the manufacture of rolling mill cylinders, the
mechanical properties of nodular cast iron depend largely on their structure,
consisting of a ferritic metal mass, ferrite - pearlitic mass or pearlitic and graphite
formations (graphite nodules) of maximum compactness.

The modification of the structure in the desired direction of use properties,
possible by applying appropriate heat treatments, can be achieved in conditions of
technical and economic efficiency by applying the optimal heat treatment variant, in
which the technological parameters temperature - time have a decisive influence.

The paper summarizes some research results that aimed to establish the
influence of annealing temperature and maintenance time to determine the optimal
variant of graphite annealing heat treatment. Process modeling by statistical
methods, indicated in the analysis of complex technological processes, has allowed,
based on a preliminary experiment and then on the factorial experiment, the
establishing of the degree of connection between the technological parameters of
the process, as well as the technological parameter with the greatest influence on

the process.

KEYWORDS: nodular

graphite

cast iron, annealing, ferritization,

pearlitization, mechanical properties, mathematical modeling

1. Introduction

Ordinary nodular graphite cast irons are non-
alloy cast irons having the following basic chemical
composition: 3.4-3.9% C; 2.0-2.5% Si; 0.2-1.5% Mn;
max. 0.08% P; max.0.03% S.

Classification and characterization of nodular
graphite cast iron taking into account mechanical
properties include [1, 2]:

- cast iron with very high plasticity (Abmin =
17%); They are unalloyed cast irons with a very low
content of manganese, phosphorus and sulphur (e.g.
Fgn370-17) characterized by ferritic structure;

- cast iron with high plasticity (A5 = 12-17%)
still with ferritic structure but with a lower degree of
purity (e.g. Fgn400-12);

- cast irons with medium plasticity,
characterized by a ferrite-pearlitic structure (e.g.
Fgn450-5 and Fgn500-7);

- cast irons with low plasticity (elongation at
break is greater than or equal to 2%) characterized by
pearlitic structure (e.g. Fgn600-2 and Fgn700-2).

Higher values of mechanical strength
correspond to cast irons with bainitic base metal
mass, obtained either by isothermal hardening or by
alloying [3]; At the same basic metal mass the ratio
Rp0,2 / Rm is higher than for steels, the modulus of
elasticity is in the range: 16500-18500 daN/mm?, and
the fatigue strength, superior to cast iron with
lamellar graphite, has values in the range: 12-28
daN/mm2,

Nodular graphite cast irons are obtained by a
process of modification of ordinary grey cast irons
when mainly graphite spheroidization and primary
carbide decomposition take place. The modification
of the shape of graphite for spheroidization is done
almost exclusively with magnesium or cerium (also
called antigraphitizing modifiers), used in metallic
form of pre-alloys, or in the form of salts. After the
modification for the compaction of graphite,
especially when these modifiers are used, the free
cementite is also obtained in the structure, a
constituent frequently present in the structure of
nodular graphite cast iron in thin-walled parts.
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The removal of free cementite from the structure  structure. Graphite annealing with perlitization

can be done either by annealing heat treatment or by a
new maodification (so-called postmodification) which
is done with graphitizing modifiers (e.g. ferrosilicon,
ferro-silicon-barium, silico-calcium-barium, silico-
calcium-zirconium, etc.) introduced into the cast iron
jet during its passage from the modification pot for
spheroidisation of graphite into the casting pot.
Graphite annealing is aimed at: decomposition of
cementite and obtaining ferrite, decomposition of
only free cementite or decomposition of only bound
cementite [8].

The heat treatment of graphite annealing [4, 5]
applied in order to decompose (graphitize) the
primary cementite is carried out at a high
temperature, close to the malleable annealing
temperature, and the cooling is done with cooling
rates depending on the desired structure, thus
resulting in two variants of graphitization annealing
(ferritization graphitization annealing or pearlitization
graphitization annealing). Graphitization annealing
with ferritization is performed in two subvariants: a
variant in which the slow cooling takes place up to
about 300 °C followed by air cooling, and the variant
with pre-cooling in air up to about 650-700 °C
followed by the transition to another oven heated to
760-770 °C, in which a maintenance of 45-90 min is
applied, for a ferrite - pearlitic or completely ferritic

involves cooling the parts in air (quiet or ventilated)
to a temperature of about 450 °C, after which they are
placed in an oven at 500-550 °C, maintaining a
duration calculated with the practical rule "time and
inch" followed from a cooling of 40-50 °C/h up to
300 °C and then in the air. For the decomposition of
ledeburitic cementite, the annealing must be done at
temperatures of 900-950 °C, for the decomposition of
the secondary cementite at lower temperatures, and
for the decomposition of eutectoid cementite at
temperatures below point Al (at about 700 °C) [8].

2. Experimental conditions

The experiments were performed in laboratory
conditions on grey cast iron samples. Different
thermal regimes of graphitization annealing were
applied, in different experimental variants and the
influence of the basic technological parameters was
followed, respectively the influence of the annealing
temperature and the maintenance time at the
annealing temperature on the physical-mechanical
properties of the cast iron samples.

Figure 1 shows the heat cycle (heat treatment
diagram) in the variant of graphite annealing with
ferritization.

700°C

Temperature, °C

— ) —>

)

— () —*

Time [hours]

9

Fig. 1. Graphitization annealing (thermal cycle) (*) - annealing temperature: 980 °C, 915 °C, 850 °C;
(1 + 12) - total holding time: 6 hours (regime 1), 8 hours (regime 2), 10 hours (regime 3), 12 hours
(regime 4), 14 hours (regime 5); (**) - oven cooling

3. Experimental results

Changes in the values of mechanical properties
for the experimental heat treatment regimes were
analysed. The obtained results are expressed
graphically in Figures 2-4.

Modeling in order to establish the equation
(equations), respectively the mathematical model of
the studied process, is performed based on a
preliminary experiment, which provides a priori
information, by establishing state variables and
process parameters, determining the limits of
existence and intervals of variation of factors (process
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parameters), establishing the experimental error and
the degree of connection between state variables and
process parameters [6, 7]. The actual modeling stage
that is performed based on a classical or factorial

experiment, and the processing of experimental data
lead to the obtaining of the mathematical model, a
model that describes with some approximation the
real process.

290
. e T=080°C
~8-T=915°C /\0
, 250 -
2 —=T=850°C /
£ 230 //,;.”’._\.
a 210 //
B 190 — ,.-:_..-—-"'"""ﬂ:__—_'_'
170 '—/,.._____-‘,'
15D ;I_. T T T T 1
6 8 10 12 14
Treatment time, hours

Fig. 2. Hardness variation (HB) with graphite annealing temperature °C
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Fig. 3. Variation of mechanical tensile strength (Rm) with graphite annealing temperature
maintenance time

11
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.
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Elongation at break2

10
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Fig. 4. Variation of elongation at break (A5) with graphite annealing temperature
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During the thermal processing, according to the
adopted variant (graphitization annealing with
ferritization), the mechanical properties are
influenced by the variation of the treatment time and
of the treatment temperature. Cooling rates are
constant in the 15 experiments performed.

Mathematical modeling consists in creating a
mathematical model that describes the variation of
mechanical properties depending on the variation of
treatment time and temperature according to the
equation:

Y = Co-Xo + C1-X1+ C2-X2 + C12-X1-X2

For this, it was established:
* higher level (+1),

* basic level (0),

* lower level (-1) and

- the range of variation of the treatment process
parameters.

Also, the correspondence of the coded
parameters of the time and temperature and their
natural parameters was established according to the
formula:

T—7, t—1,
AT At

5=

where: 1 - treatment time;
10 - treatment time at the basic level;
t - treatment temperature;
to-treatment temperature at baseline.

The correspondence between the values of the
factors expressed in natural units and those expressed
in coded units is given in Table 1.

Table 1. Correspondence between the values of the factors expressed in natural units
and those expressed in coded units

Duration of the process Annealing temperature
Factor Natural Natural
units, in Coded values units, in Coded values
hours hours
Basic 10-10 915 — 915
level 70 = 10 RV 0 to=915°C —e -0
Variation At = 4 ) At = 65 )

range
Higher 14-10 980 — 915
vl | =14 g | tmsste | T =
Lower 6-10 915 — 850
level =6 5 ! t1=850°C 65

In view of the coded representation of the
experiment, the following annotations and symbols
were used:

Independent variable:

* Xj - holding time, 7, [hours];

* X, - treatment temperature, t, [°C].

Dependent variables (parameters to be
optimized):

*Y; - breaking strength, Rm, [MPa];

* Y - Brinell hardness HB;

* Y3 - specific elongation at break, A5, [%];

Y values are expressed in natural units.

The mathematical regression equations are
constructed for the 3 studied mechanical properties:

Y1 - Mechanical resistance;

Y2 - HB hardness and;

Ys; - Elongation at break, based on the
experimental matrix.

The experimental matrix has the form:

Nr. exp. Xo X1 X2 X1 X2 Y1 Y2 Y3
1 +1 +1 +1 +1 548 261 4.5
2 +1 -1 +1 -1 450 193 8.4
3 +1 +1 -1 -1 514 221 6.1
4 +1 -1 -1 +1 392 155 104
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After calculating the coefficients co, €1, ¢z and ¢1
* ¢y, the following equations expressed in coded
quantities for the 3 properties resulted:

Y1 =476 +55-X1 + 23-X2-6-X1-X2;
Y,=207.5+ 33.5-X; + 19.5:X2 + 0.5-X1-X2;
Y3=7.35—2.075-X1 — 0.9-X2 + 0.1-X1- X2

By replacing the coded values with the natural
ones and performing the calculations, the equations of
the mathematical model for the studied (researched)
thermal treatment process resulted are:

Y1=151.68 + 32.05-t+ 0.55-t- 0.02 - 1°t;
Y2=-132.4 +6.54-t+ 0.28-t + 0.02 - °t;
Y3=27.1-0.784:-t1—0.016-t + 0.0003 - t-t;

As can be seen from the analysis of the
mathematical model equations, the mechanical
properties are influenced more by the time factor than
by the temperature factor because the coefficients of ©
are higher than those of temperature.

4. Conclusions

The mechanical properties are influenced by the
temperature and the duration of annealing, a

significant influence being exerted by the maximum
temperature reached at the heat treatment.

The mechanical strength properties (hardness,
mechanical tensile strength) increase as the total
holding time increases and reach a maximum at a
holding time of 12 hours.

Increasing the total maintaining time above this
value is no longer effective as the mechanical
properties of strength begin to decrease and the
mechanical properties of plasticity (elongation at
break) remain constant.
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CONSIDERATIONS REGARDING THE EVOLUTION OF THE
SOLIDIFIED CRUST AT THE CONTINUOUS CASTING STEEL

Marian BORDEI
“Dunarea de Jos” University of Galati, Romania
e-mail: mbordei@ugal.ro

ABSTRACT

The continuous casting of the steel can cause cracks on the surface or inside,
which arise due to thermal and mechanical stresses. To eliminate these defects,
mathematical models are drawn up with which temperature fields, expansions and
stresses can be determined. The purpose of making these models is to locate the
areas with a high risk of cracking so that, finally, the continuous casting machines
and working conditions can be modified, so as to eliminate, or at least diminish, the
defects. The knowledge of the thermal state of the steel in the continuous casting
machine is necessary for the transposition on mathematical bases of the
technological process and the elaboration of some simulation models of the
solidification, which would allow the optimization of the afferent plant.

The proposed mathematical model takes into account - when studying the heat
transfer phenomena in the tundish - the convective motion of the steel, which
influences the thickness of the solidified crust and the evolution of the temperature
in the section of the continuously cast steel thread.

By running the simulation program were determined the variation of the
thickness of the solidified crust as a function of time, overheating in the crystallizer
and convection coefficient.

KEYWORDS: continuous casting, thermal state, solidification crust

1. Introduction - adaptation of the rolling to the new conditions:

direct deformation (with the minimum decrease of the

The process of continuous casting of semi-
finished products is characterized by a number of
parameters that condition both the design and
construction of specific installations-machinery-
equipment, as well as the quality of the products on
the flow-casting. In addition to the “classic”
processes, more and more efficient manufacturing
processes are constantly appearing: casting thin slabs,
casting with the deformation of the steel wire in the
machine or casting.

The most important difficulties - which must be
overcome when adopting such technologies - can be
grouped into:

- casting of semi-finished products with
minimum defects;

- conservation of thermal energy for the purpose
of direct rolling;

- reduction of the thickness of the semi-finished
products with or without deformation in the
continuous casting installation (with the correlation of
their components);

temperature between casting and deformation),
reduced corrosion to rolling, etc.

To study the thermal state of continuous cast
steel thread, empirical models can be used - obtained
by correlating experimental value results with
mathematical simulation models. In general,
empirical models cannot be extrapolated to conditions
other than those for which the experiments were
performed, when some parameters (temperature of
the steel inside the thread, thickness of the solidified
crust, etc.) are difficult to follow. Mathematical
models have the advantage that, once verified, they
have generalization possibilities.

Kohn and Morillon studied the solidification of
steel taking into account the heat exchanges by
convection in liquid steel; for this, they considered
that the liquid consists in of two media, one -
corresponding to the dendritic solidification zone - in
which the heat exchanges are made by conduction
and the second one - corresponding to the equiaxial
solidification zone, the convective displacement of
the liquid leading to a constant temperature [1].
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Tozoshima and Takasashi proposed a model for
"semi-solid" materials, by applying Darcy's law to the
movement of liquid steel through interdendritic
spaces - in the case of the biphasic solid-liquid zone

[2].

Miyazawa developed a mathematical model for
estimating the solidification profile and slab surface
temperature, using the integration of the continuous
cast thread section and took into account the different
effects of cooling rate and cooling conditions on the
upper and lower slabs, respectively.

Although the number of continuous casting
machines has increased a lot, however, the complex
processes regarding the solidification and cooling of
the related semi-finished products are still in the
research phase, not being elaborated a unitary model,
generally valid for the respective processes.

Taking into account the presented aspects, we
proposed a mathematical model for determining the
evolution of the crust solidification and heat flux in
the tundish, as well as a model for determining the
temperature in the continuously cast steel thread - on
the path to the exit of the machine.

The alloy used for the research is a general-
purpose carbon steel for construction S235J2G4,
according to EURONORM 10025 (OL 37-4k,
according to STAS 500). The thermophysical
parameters of steel solidification were calculated
according to studies and research in the literature [3].

2. Theoretical considerations on the
convection phenomenon at the solid-liquid
interface

The thermal state of liquid steel is characterized
by overheating (the difference between the
temperature of the steel at a given time - at a given
level - and the temperature of the liquid). It is
important to know, at different levels of the machine,
the thickness of the solidified crust and the
temperature distribution in the liquid steel, as well as
the temperature of the liquid steel as the solidification
front advances.

At the solid-liquid interface (at the boundary of
the solidification front) a convection heat transfer
takes place. The existence of convective motion can
lead to a reduction in the thickness of the solidified
crust at the respective level in the tundish, as well as
to a significant increase in the temperature on the
surface of the product, at the exit of the tundish. For
these reasons, it is necessary to take into account the
convective motion when studying the heat transfer
phenomena in the tundish.

To solve this problem, mathematical analysis
solutions can be used for the case of free border
systems. The model must allow the numerical

evaluation of the thermal state of the steel, in
accordance with the experimental results that can be
obtained at a certain level of the tundish, during an
industrial casting. In order to reduce the perforations,
a sufficiently thick and uniform solid crust must be
ensured at the exit of the tundish.

3. Results obtained

Based on the mathematical relationships in the
literature, the variation of the solidified crust of
continuously cast steel was determined [5]. By
running the program, the variations of the
thermophysical  parameters depending on the
temperature characteristic of the studied steel were
determined (Figures 1-4), respectively, the variation
of the thickness of the solidified crust as a function of
time.

20
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Fig. 1. Variation of the coefficient of linear
expansion of steel as a function of temperature
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Fig. 2. Variation of specific heat of steel as a
function of temperature
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Fig. 5. Variation of the crust thickness solidified
over time

The thickness of the solidified crust increases -
along the path in the tundish - being favored by the
following factors:

- the lower the overheating is;

- with the decrease of the convection coefficient;

- with the decrease of the casting speed.
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CONSIDERATIONS REGARDING THE EVOLUTION OF THE STEEL
THERMAL STATE IN THE CONTINUOUS CASTING PLANT
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e-mail: mbordei@ugal.ro

ABSTRACT

In continuous casting it is very important that the cooling system is correctly
dimensioned. Improper cooling conditions can reduce the quality of the finished
product and cause perforations of the solidified crust. In order to be able to
minimize the occurrence of defects, it is preferable that, under the conditions of a
given cooling system, the temperature distribution in the steel wire be known. It is
also necessary to know the thickness of the solidified crust, especially immediately
below the crystallizer, because a thin crust at this level can be perforated due to the
ferrostatic pressure of the steel. The knowledge of the thermal state of the steel in

the continuous casting installation

is necessary for the transposition on

mathematical bases of the technological process and the elaboration of some
models of simulation of the solidification, which would allow to optimize the

operation of the afferent installations.

By considering the convection motion can be explained the influence of
electromagnetic agitation and deformation of the steel wire on the incompletely
solidified area on the quality and structure of cast steels; convective currents
reduce overheating, which leads to a decrease in columnar crystallization in favour
of axial crystallization. By running the simulation program were determined the
variation of the thermal flux at different levels in the tundish, as well as the
evolution of the temperature at the surface of the continuously cast steel thread.

KEYWORDS: continuous casting, solidification process, mathematical model

1. Theoretical considerations

Mathematical simulation models render the
thermal field of the continuously cast steel thread as a
function of some process parameters: casting speed,
steel overheating, thermophysical properties of the
tundish material, steel quality, tundish geometry, etc.

Some important operational variables such as:
tundish length, cooling system, metallurgical length
and casting speed - are conditioned by the heat
transfer during the process. The quality of the semi-
finished product is significantly influenced by the
speed of heat extraction, excessive cooling leading to
cracks, swelling of the thread, large columnar areas,
etc.

Because thermal conductivity has a major role in
the process of continuous casting, on its base, several
mathematical models have been developed, and they
were used to analyse the stresses that are formed
when the crust solidifies; they contribute to the
understanding of the causes of surface defects and

internal cracks. They are used to improve cooling
systems, casting technologies and process control.

Hills and Mizikar are among the first authors
who wrote about the modeling of the heat flow in the
continuous casting system. Hills [1] used a thermal
balance method to solve the problem of thermal
conductivity and solidification in a complex system,
such as continuous casting; he neglected the
conductivity of the steel in the direction of the thread
flow and considered the overheating in the liquid area
to be zero.

Mizikar [2] applied the finite element method to
develop the two-dimensional heat conduction
equation for continuously cast slabs. He also
developed the one-dimensional conductivity transfer
equation, Fourier type, for a moving element - from
the meniscus to the exit of the machine - predicting
the temperature distribution along the length of the
continuous cast thread. He integrated the convective
aspect of heat transfer from the liquid into a model
based on the conductivity of steel by increasing the
conductivity coefficient.
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Many of the continuous casting machines are
designed based on experience, on models established
through simulations and tests, and on empirical
relationships. The management of the continuous
casting process is, in many cases, based on models
with low applicability.

The alloy used for the research is a general-
purpose carbon steel for construction S235J2G4,
according to EURONORM 10025 (OL 37-4k,
according to STAS 500). The thermophysical
parameters of steel solidification were calculated
according to studies and research in the literature [3].

2. Results obtained

The temperature field in the continuous cast
thread can be represented by the fundamental
equation of thermal conductivity (Fourier equation).
Based on the data from the program, the relations
used for the calculation of the main parameters that
give the thermal state of the continuously cast steel
thread were determined.

Running the program, it was determined: the
variation of solidified crust thickness as a function of
time, the overheating in the tundish and the
convection coefficient (Figures 1, 2), the variation of
the thermal flux at different levels in the tundish
(Figure 3), as well as the surface temperature
evolution. of continuously cast steel thread (Figure 4)

[4].
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Fig. 1. The thickness of the crust solidified at
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Fig. 4. Temperature distribution at the surface
of the steel thread, in the middle of the face (v =
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3. Interpretation of results

The highest heat flux density occurs in the
meniscus (Figure 3), the fall that follows is explained
by the following mechanism:
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- by increasing the crust of the steel thread, the
ferrostatic pressure exerted on the wall of the tundish
decreases, the heat transfer worsens;

- by decreasing the temperature of the thread
surface, the contraction is increased (shrinkage of the
thread crust), fact that contributes to the amplification
of the mentioned effect;

- the growing crust of the thread worsens the
heat flux discharged from the tundish due to low
temperature gradients and increasing thermal
resistivity.

The cooling curve in Figure 4, calculated at an
extraction speed of 1 m/min, shows the temperature
drop from the beginning of the casting process
(solidification), in this phase there is still a good heat
transfer between the thread surface and the tundish.
As the casting process continues, the heat transfer
worsens, the cause being mainly the increase of the
gap between the tundish and the solidified crust, as
well as the modification of the thermal conductivity
properties of the slag film. Given that the heat flux
from the surface of the thread to the tundish is now
lower than that coming from inside the thread, a
slight increase in temperature is reached at the surface
of the thread.
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OBTAINING AND CHARACTERIZING PHOSPHATIC PORCELAIN
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“Dunarea de Jos” University of Galati, Romania
e-mail: florentina.potecasu@ugal.ro

ABSTRACT

The research aimed to obtain phosphate porcelain, by using the ash resulting
from burning bones from meat processing plants. The applied processing
technology allows obtaining fine ceramics at lower temperatures than the one used
in the case of feldspar porcelain, having as effect the increase of the durability of
the firing furnaces and the realization of the products at lower production costs.
Five series of phosphate porcelain samples were performed in laboratory
conditions, with different compositions, by firing at a temperature of 1250 °C,
temperatures lower than those necessary for the firing of feldspar porcelain of
1350-1450 °C. The porosity and density of the samples were determined and the
microstructural analysis of the materials made in the five research variants was

made.

KEYWORDS: phosphate porcelain,

microstructural analysis

1. Introduction

The notion of pottery has retained its original
meaning given by the word "keramos”, which in
ancient Greek meant the land of the potter and his
pots [1-5]. Over time, however, this notion has gained
a broader meaning, encompassing all pottery and
porcelain products obtained by burning ceramic
masses, both domestic, utilitarian or decorative, and
industrial [6-9]. Modern ceramics has industrial
applications in high temperature areas in the
electrical, nuclear, space, etc. With such materials, the
shuttles that cross the cosmic space are lined, car
engines are made, the entrails of the earth are drilled
or the human bone is replaced in difficult surgical
operations [8-13].

Over time, aesthetic education through ceramics
has left its mark on people. It is felt spontaneously
since childhood, due to the daily contact with the
surrounding ceramic objects, in different hypostases.
Porcelain, as a technical material, has very valuable
properties: high mechanical and electrical resistance,
chemical and thermal stability, as well as exceptional
ornamental possibilities. The structurally component
elements of the porcelain material unevenly influence
the strength, white colour, transparency and other
properties [6, 8, 9]. Porcelain, nicknamed in German
as "WeilRes Gold" (white gold), is a white and
translucent ceramic material obtained by burning at
high temperatures a paste composed of quartz, kaolin

kaolin, quartz, porosity, density,

and feldspar together with smaller additions of other
components. It is used in the manufacture of
industrial or laboratory vessels, electrical insulators,
household vessels or decorative objects. According to
the ratio of the components it can be classified as hard
porcelain or soft porcelain. For classic hard porcelain
the ratio between kaolin, feldspar and quartz is
50/25/25, while for soft porcelain it is about 30/30/40
[14].

The structure of the porcelain material and its
most important properties are determined both by the
quantitative properties of the material components
and by the firing regime, i.e., the firing temperature
and duration, as well as the character of the
atmosphere from different firing periods [6, 9].

Phosphate porcelain is a special type of soft
paste porcelain, called "oschina", because its main
component is bone ash; was discovered in
Staffordshire in the late 1700s and was adopted by
most English factories in the early 1800s [6, 8]. The
precise ratios between the components as well as the
processing technology are not completely known.

Phosphate porcelain is part of the oxide system
RO - Al,Os - SiO; - P,Os. By converting total RO to
CaO, its composition can be located in the domain
around the eutectic corresponding to the tricalcium
phosphate-anorthite-silicon dioxide subsystem [Cas
(PO4) 2 - CaAl;Si;Og - SiO;]. Phosphate porcelain is
characterized by a high content of glassy phase; in the
vitreous matrix there is a distribution, especially, of
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tricalcium and anorthite phosphate crystals and to a
small extent quartz.

2. Experimental research

The research aimed at carrying out in laboratory
conditions a series of phosphate porcelain samples
symbolized R1, R2, R3, R4, R5. To obtain phosphate
porcelain, the basic raw material is the calcined bones
meal, which represents 35-60% of the gross mass (the
final preparation is done by degreasing but also by
removing gelatin and Fe oxides).

Five series of samples with different
compositions  were performed in laboratory
conditions:

R1 - Kaolin 25%; Feldspar 20%; Quartz 15%;
40% bone ash.

R2 - 25% kaolin; Feldspar 13%; Quartz 12%;
50% bone ash.

R3 - Kaolin 20%; Feldspar 15%; Quartz 15%;
50% bone ash.

R4 - 40% kaolin clay; Feldspar 20%; 40% bone
ash.

R5 - 30% kaolin clay; Feldspar 15%; Quartz
5%; 50% bone ash.

Feldspar is a very common silicate, having the
chemical composition (Ba, Ca, Na, K, NH4) (Al, B,
Si) 408 (the elements in parentheses can be
substituted for each other). The crystallization system
for this mineral is monoclinic or triclinic, with a
hardness of 6-6.5.

Kaolin is a clay (rock) composed mostly of the
mineral kaolinite. Kaolin has a fine granulation (<2
pum), free of iron oxides, white in colour. Kaolin is a
rock with a very fine grain, with a low plasticity, but
with high resistance to high temperatures, by burning
it becomes solid and very compact (dense).

Quartz (silicon dioxide) is a mineral spread in
the earth's crust, which has the chemical composition
of SiO; crystallizing in the trigonal system. In its pure
state, quartz is colourless, the impurities in the crystal
determine the colour of the mineral. Quartz frequently
crystallizes in gaps in rocks called geodes. The
cleavage is non-existent, the crack has a pearly
colour, reaches a value of 7 on the Mohs hardness
scale.

Phosphate porcelain - according to what has
been mentioned above, is part of the oxide system RO
- AlbOs - SiO; - P,0s. Its place in this system -
converting total RO to CaO, can be circumscribed to
the domain located around the eutectic corresponding
to the tricalcium phosphate-anorthite-silicon dioxide
subsystem. Phosphate porcelain is characterized by a
high glassy phase content; in the vitreous matrix there
is a distribution, especially, of tricalcium and
anorthite phosphate crystals and to a small extent
quartz. Its porosity is very low (1% closed pores).

Phosphate porcelain is characterized by a short
glazing interval, which introduces difficulties in the
firing of the biscuit (it uses a glaze based on boric frit,
easily fusible, applied on products heated to 40-50
degrees C; the second firing must be conducted so as
to ensure a good melting and spreading of the glaze.

The porcelain structure consists of:

- isotropic glass mass composed of feldspar
glass, with a varying degree of saturation in Al;O3
and SiOy;

- undissolved and molten particles, as well as
dissolved by Al,O3 and SiO;

- mullite crystals 3Al,03-2Si0,.

Another very important element in the structure
of the porcelain mass are the pores, which decrease
the quality of the porcelain and cannot be completely
removed. Porosity occurs on drying after removal of
mechanically  distributed water, as well as
hygroscopic water from the clay substance, during the
initial firing period. The mass has the highest
porosity, of about 35...40%, before the beginning of
vitrification, when the firing is up to 1000...1050 °C.
As the glass mass forms, the pores fill, the products
shrink, the porosity decreases, the mass becomes
more compact.

Depending on the temperature and duration of
firing, the process of dissolving Al, O3 and SiO; in
feldspar glass can be more or less complete and
therefore the amount and composition of feldspar
glass in porcelain mass can vary widely (Fig. 1).

The mass-formed mullite crystals replace in the
feldspar glass the granules dissolved by the clay and
quartz, thus ensuring the further development of the
glass mass and the improvement of the technical
indices necessary for the manufacture of insulators
and other categories of technical porcelain.

2100

Diagramme de phases du systéme silice-alumine 2000
ccd = composé chimiquement défini
2000 s.5. = solution solide (composition chimique variable) mullite s.s.
a-ALQ, = corindon + li
1829 |iquide .q A
1500 a-Al,03
liquide 1840
1800
1700 % — :
liquide + mullite ccd
mullite s.s.
1600 1595 +
a-Al,0,
1500 Si0, + mullite ccd . L
mullite s.s.
1400
si0, 10 20 E] [ 50 60 70 80 % ALD, (% masse)
mullite ccd
(3A1,0,.25i0,)

Fig. 1. The binary diagram SiO-Al;03

An important structural part of porcelain are the
quartz granules and undissolved clay substances in
the feldspar glass, which together with the crystals of
the mullite form the skeleton of the mass, ensuring
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the preservation of the forms produced in the final
firing period. The mass remains from 60...85%
unmodified quartz.

Another structural element of porcelain are
crystalline aluminosilicates, which are formed during
firing. When the porcelain is fired, the mullite
3Al,03-2Si0; is formed (Fig. 1) and not the silimanite
Al>03-SiO», as it was assumed before the researches.

The mullite has several valuable properties: high
melting start temperature (about 1810 °C), high
mechanical and electrical resistance, chemical
stability, low coefficient of thermal expansion and
high thermal stability. The formation of mullite
crystals is observed even at a temperature of about
1250 °C.

The research followed two main stages:

+ obtaining samples from phosphate porcelain
with different compositions, in laboratory conditions,
by firing at a temperature of 1250 °C, a temperature

lower than that required for firing feldspar porcelain
of 1350-1450 °C.

« characterization of the porcelain samples
obtained, by determining the porosity, density and
analysis under an optical microscope.

3. Working procedure

In order to achieve the objectives in obtaining
samples of phosphate porcelain with different
compositions in laboratory conditions, we proceeded
as follows:

Kaolin, feldspar, quartz, bone ash and kaolin
clay were used as raw materials. Kaolin, feldspar,
quartz and kaolin clay being in a powder state, except
for bone ash obtained by grinding calcined pork
bones at a temperature of 800 °C (Fig. 2). With the
help of a mortar, we crushed the bones that were
burned and calcinated previously.

b.

Fig. 2. Appearance of burnt pork bones at a temperature of 300-400 °C (left side) and calcined bones
at a temperature of 800 °C (right side)

3723717 ' y 0D 5D,
a.—R1 b.—R2 c.-R3
23805 @YD T
d.—R4 e.-RS

Fig. 3. Samples obtained by pressing

3.1. Porosity and density of samples

Porosity was determined by water absorption.

p=2" . 100 [2%]
bt

0

The pressed samples were fired in an electric
oven at 1250 °C for 2.5 hours, according to the
diagram in Figure 4.

After firing, the samples were weighed and
measured to determine density, then immersed in

boiling water, kept for one hour and then wiped and
weighed to determine porosity.

We obtained samples in the form of pills with a
diameter of 12.2 mm and a height between 2.4 and
3.2 mm. The pressing force for all samples was the
same, namely 10 kN, resulting in a compaction
pressure of 85 MPa. After pressing, the samples were
measured and weighed and determined for the 5
series of porosity and density (Tables 1 and 2).

With  the results of the performed
determinations, the histograms from Fig. 5 and 6
were made.
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Fig. 4. Firing diagram

Table 1. Determination of sample porosity

Composition | 0 s am ﬂﬂlff oSty
P o] | @ | [o] |y L000%]
R1 070 | 076 | 0.06 8.57
R2 065 | 071 | 0.6 9.23
R3 067 | 072 | 0.05 7.46
R4 067 | 068 | 001 1.49
R5 061 | 063 | 0.02 3.28

Mo - mass of the porcelain sample after firing at 1250 °C.
mz - the mass of the sample after being kept in boiled water for one hour.

Table 2. Determination of sample density

. m d h \% P
Composition 0
P [a] [mm] | [mm] | [em3] | [g/em3]
R1 070 | 121 | 28 | 0327 | 214
R2 065 | 121 | 26 | 0305 | 213
R3 067 | 1129 | 27 | 0308 | 217
R4 067 | 11.8 | 26 | 0288 | 232
R5 061 | 11.75 | 25 [ 0268 | 227
235
23 2.32
225 297
T 22
S
S 2.15 217
[«/]
5 21 214 213
@ 205
[«]
Q 2
R1 R2 R3 R4 R5

Fig. 5. Density depending on the composition of the porcelain mass fired at a temperature of 1250 °C
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Fig. 6. Porosity depending on the composition of the porcelain mass fired at a temperature of 1250 °C

3.2. Structural analysis of samples For the study of the structure, the Olympus
optical microscope was used both on the pressing
surface and in the sample break (Fig. 7-11).

Fig. 7. Sample structure R1 (Kaolin 25%; Feldspar 20%; Quartz 15%; Bone ash 40%, 25% kaolin).
(X100). a - in breaking the sample; b -on the surface of the sample

a b

Fig. 8. Sample structure R2. (Kaolin 25%; Feldspar 13%; Quartz 12%; Bone ash 50%.). (X100). a -
in breaking the sample; b -on the surface of the sample

Fig. 9. Sample structure R3. (Kaolin 20%; Feldspar 15%; Quartz 15%; Bone Ash 50%) (X100). a - in
breaking the sample; b -on the surface of the sample
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Fig. 10. Sample structure R4 (Kaolin clay 40%; Feldspar 20%; Bone ash 40%). (X100). a - in
breaking the sample; b -on the surface of the sample

Fig. 11. Sample structure R5. Kaolin clay 30%; Feldspar 15%; Quartz 5%; Bone ash 50% (X100). a -
in the sample crack; b - on the sample surface

4. Conclusions

The structural aspect studied under the light
microscope indicates that in all samples the process
of porcelain formation was initiated by the
appearance of the glass phase, which partially
dissolves the clay substance containing Al,O3 as well
as calcium oxide and phosphorus pentoxide which
resulted from the decomposition of phosphate.
calcium from bone ash.

Of all the compositions tested, the one marked
with R4, which contains kaolin clay instead of kaolin
and does not contain quartz, has densified the most
with an open and intercommunicating porosity of
1.49% compared to the maximum porosity obtained
in sample R2 of 9.23%. This can be explained by the
fact that the kaolin clay used contained free silicon
dioxide with micrometric particles and a lower
proportion of Al,Os than kaolin, which led to the
formation of the vitreous phase in a shorter time.
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THE EFFECT OF FLUORIDE CONTAINING TOOTHPASTE ON THE
ELECTROCHEMICAL BEHAVIOR OF 316L STAINLESS STEEL FOR
DENTISTRY APPLICATIONS IN THE HUMAN SALIVA

Veaceslav NEAGA, Lidia BENEA
Competences Center: Interfaces-Tribocorrosion-Electrochemical Systems
“Dunarea de Jos” University of Galati, Romania
e-mail: lidia.benea@ugal.ro

ABSTRACT

The study aims to investigate the effect of fluorinated toothpaste added in
Fusayama-Meyer saliva in order to evaluate the electrochemical behavior of 316L-

SS for dentistry applications.

For electrochemical behavior in situ electrochemical measurements such as:

Open circuit potential (OCP),

Linear Polarization (PL),

Potentiodynamic

Polarization (PD) and Electrochemical Impedance Spectroscopy (EIS) were
applied. The results show a comparative analysis of the electrochemical behavior
and corrosion resistance of 316L-SS in human saliva containing high fluoride
toothpaste for dentistry applications. From the electrochemical results it can be
concluded that the addition of fluoride toothpaste in Fusayama-Meyer saliva
decreases the corrosion resistance of 316L-SS and therefore will reduce the lifetime
of dentistry structures or devices.

KEYWORDS: orthodontic devices; stainless steel; corrosion;

electrochemical methods; saliva; toothpaste

316L

1. Introduction

Stainless steel AISI 300th series of steels has
high rates of corrosion resistance, strength and
flexibility. They can be used with equal success in the
food [1], pharmaceutical industries [2] or dental
medicine [3]. However, in recent years, interest in
AISI 316L (316L-SS) has increased from economic
considerations (low cost, reasonable strength,
corrosion resistance and biocompatibility) [4-5]. For
example, in dentistry, it is used in a variety of
applications (endodontic files in root canal therapy,
sterilized instruments, metal posts in root canal
treated teeth, arch wires, temporary crowns and
brackets in orthodontics) [5]. This can be attributed
primarily to corrosion resistance. Moreover, this
resistance concerns not only atmospheric phenomena,
but also acidic and alkaline media present in the oral
cavity of healthy or sick patients.

In the context of the mechanical systems,
making orthodontic metallic devices and their
subsequent use in the oral cavity for a long time,
requires utmost attention to the corrosive process of
the material in aggressive environments due to factors
such as salivary pH, temperature, quantity of

microelements (F, Cl) and enzymatic activity of
bacterial micro flora.

Consequences of the corrosive process
represented by surface modification and increased
roughness cause a decrease in the mechanical strength
of the alloys in time [6-7].

Last but not least, the recommendations of the
specialists regarding oral hygiene as a preventative
treatment of orthodontic treatment should be
considered, where dental brushing is the basis of the
process of removing food debris and plaque
accumulated around orthodontic appliances to
counteract the development of dental and periodontal
pathologies [8]. Among other things, the latest
research demonstrates a better preventative result of
diurnal and nocturnal brushing with Fluorine 5000
ppm fluoride toothpaste than the combination of once
daily fluoride toothpaste 1000 ppm and rinse with
sodium fluoride 500 ppm [9].

However, other studies appreciate the presence
of sodium fluoride in products of oral hygiene, as
initiator of the corrosive process by the formation of
hydrofluoric acid (HF) after reacting of fluorine and
hydrogen ions produced by bacteria, with role to
destroy the protective oxide layer on the surface


https://doi.org/10.35219/mms.2020.4.07

| =

/,/-\-.';\ DE JOg5-

&5

ol 4>,\
) >\
/& o)
[5 g "‘ i)
e LA s ‘E‘.
g J
El 1978 o
\Z Fascicle X 3/
A\ Metallurgy and &

\), Wiaterials Sciance v

THE ANNALS OF “DUNAREA DE JOS” UNIVERSITY OF GALATI
FASCICLE IX. METALLURGY AND MATERIALS SCIENCE
N°. 4 - 2020, ISSN 2668-4748; e-ISSN 2668-4756
Article DOI: https://doi.org/10.35219/mms.2020.4.07

% w7

orthodontic metal components [6, 10-11] or increase
friction force [12]. In some recent studies, corrosion
mechanisms of stainless steel have been examined in
various solutions, including different artificial saliva
[5, 13-16].

The purpose of this work is to evaluate the
corrosion resistance of AISI 316L stainless steel in
terms of their suitability for dentistry applications in
two different artificial saliva with Fluoride as 1400
ppm toothpaste and non-fluoride one. Comparative
corrosion  evaluation was performed  using
electrochemical techniques as open circuit potential,
potentiodynamic measurements and electrochemical
impedance spectroscopy measurements at free
potential. In the literature there is a lack of
information regarding the influence of fluorinated
toothpaste on the corrosion behavior of stainless steel

in saliva for dentistry applications. This research
work aims to investigate the effect of fluorinated
toothpaste added to human saliva on the corrosion
behavior of 316L stainless steel used in orthodontic
applications.

2. Materials and methods

2.1. Materials and methodology

In this experimental study, the samples of AlSI
316L stainless steel purchased from Direct Line Inox,
Bucharest in a form of sheets with the following
dimensions 250 mm x 250 mm and 1.5 mm thickness,
with compositions in mass fractions as shown in
Table 1.

Table 1. Chemical composition in mass percent of the AISI 316L stainless steel

Chemical compositions (wt%)

Chemical C Mn Si Mo Ni Cr Fe
element
316L SS <0.03 <2 1 2.0-2.5 11-14 16.5-18.5 Bal.

Each group of the samples AISI 316L SS
samples were investigated to one of two media: SFM
(human Saliva Fusayama-Meyer) [4, 17] and SFM
mixed with fluoride-containing toothpaste. The
chemical composition of Fusayama Meyer saliva can
be seen in Table 2.

Composition  of  fluorinated  toothpaste
(ParodontaxR) (1400 ppm F- ion) describes these
components: Sodium Bicarbonate, Aqua, Glycerin,
Cocamidopropyl Betaine, Alcohol, Krameria Triandra
(Ratanhia), Mentha Piperita Qil, Mentha Arvensis
Oil, Echinacea Purpurea, Commiphora Myrrha,
Chamomilla Recutita, Salvia Officinalis (Sauge) Oil,

Sodium Fluoride, Sodium Benzoate, Xanthan Gum,
Sodium Saccharin, Limonene, Cl 77491.

This study also involves a method of calculating
the physiological proportions of human saliva and
fluorinated toothpaste, used in another research field,
where it proposes a mixture of paste and solution in a
ratio of 1:4 (w/v) [6].

In this experiment it was used a solution of
human saliva in volume of 150 mL mixed with 37.5 g
fluorinated toothpaste. The reported volume between
saliva and toothpaste represents the quantity of oral
fluid exposed to a healthy person during a 3-4 minute
dental brushing, where the average normal stimulated
salivary secretion is 1 mL / minute [18].

Table 2. Chemical composition of Fusayama-Meyer saliva

Nr. crt. Compound Saliva Fusayama Meyer [g/L]
1 NaCl 0.4
2 KCI 0.4
3 CaCl; 0.8
4 NaH,P0O,*12H,0 0.79
5 UREA 1
6 pH 5.7

The samples used as the working electrodes
were cut into 25 x 25 mm plate with 1.5 mm
thickness and solder with an electrical cable to have
electrical contact and insulated with epoxy resin
leaving a working area exposed for electrochemical

tests resulted at 225 mm? (15 mm x15 mm). The sides
and the conductive cable contact area were protected
by an inert resin layer. The electrochemical
measurements were carried out with three-electrode
electrochemical station in a 250 mL cell and managed
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by hardware device VoltaLab PGZ 100 with software
controlled VoltaMaster 4 by a personal computer. In
the electrochemical cell, the AISI 316L stainless steel
work electrode (WE) and the auxiliary electrode (AE)
consisting of a Pt-Rh grid were spatially arranged
parallel and on the same distances between
electrodes. The reference electrode Ag/AgCl with
KCI saturated solution (E = +199 mV) is placed
halfway between WE and AE [19].

Before each experiment, the AISI 316L stainless
steel samples were cleaned with ethanol 99.3% after
then rinsed in distilled water and dried. For each
experiment it was established a volume of 150 mL
solution. All experiments have been conducted at
room temperature of 25 °C.

The electrochemical methods were focused on
the following corrosion tests: Open circuit potential
(OCP) measured for a period of 720 minutes and
monitored over time until it reached a stable state
value relative to the Ag/AgCI reference electrode
(RE).

The linear and potentiodynamic polarization
were performed after 28 hours of immersion of the
sample and consisted of imposing a potential
amplitude of £50 mV around free potential or
imposing a variable potential (range from -1 V to
+1.5 V/Ag/AQCI) between the working electrode
(WE) and the reference electrode (RE) with a scan
rate: 1 mV/s.

Measurements of Electrochemical Impedance
Spectroscopy makes it possible, without disturbing
the nature of the flow of operation, to study the

kinetics and mechanism of corrosion processes,
passivation mode and the formation of protective
films on metals, as well as the adsorption behavior of
inhibitors. Electrochemical Impedance Spectroscopy
(EIS) after 12 hours of immersion were performed in
a spectrum value from 100 kHz to 1 mHz, where the
alternate applied signal has a sine wave amplitude of
10 mV with a frequency per decade of 10 Hz and 0.1
s delay before integration. All recorded EIS
measurements were analyzed as Nyquist and Bode
diagrams using the ZView 3.4e software for fitting
the experimental data. To verify reproducibility, each
experiment was repeated four times.

3. Results and discussions

3.1. Open circuit potential (OCP)

The variation of the open circuit potential is
used as a criterion for determining the corrosion
behavior tendency of a material in an oxidizing
environment. OCP measurements of AISI 316L
stainless steel immersed in saliva Fusayama Meyer
and SFM with fluorinated toothpaste are presented in
Figure 1.

The  physico-chemical characteristics  of
prepared solutions used for corrosion investigations
were measured with a multi-parameter analysis
device CONSORT C-533 were used. The results are
displayed in Table 3.

-20
L ——(1) 316L - SFM
-+ ——(2) 316L - SFM + Toothpast
-40 [ - —_— = -52.47 mV
-604
S 80T (1)
S 3
o -100 -
< !
2 120+ =-120.31 mV|
> L E(t=0)= -174.76 mV
€ 140+ T~
[ )
" 160
L E =) 174.93 mV
200 : : : : ———t——
0 100 200 300 400 500 600 700
Time [ min ]

Fig. 1. Evolution of open circuit potential during 12 hours of immersion of 316L stainless steel in: (1)
Saliva Fusayama-Meyer; (2) Saliva Fusayama-Meyer with fluorinated toothpaste
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Table 3. Characteristics of Fusayama Meyer saliva

Simulated Body Fluid

Saliva Fusayama Meyer

Fusayama Meyer + Fluorinated toothpaste

From Figure 1, the open circuit potential
recorded for 12 hours in two different pH solutions
(5.7 and 8.1) show that the starting values or the
immersion time values of open circuit potential are
very close, respectively -174.76 mV vs. Ag/AgCl in
SFM with pH 5.7 and -174.93 mV vs. Ag/AgCl in
SFM with toothpaste (pH 8.1). The transition
tendency to passive potentials in SFM with pH 5.7 is
at more positive values reaching a steady state value
of -52.47 mV vs. Ag/AgCIl. Comparing to the open
circuit potential in fluorinated medium with pH 8.1,
the passive potential is established to more negative
values and the steady state value is reached at -129.31
mV vs. Ag/AgCI at the end of measurement.

In order to determine the influence of the pH
factor besides F- ion, the samples were tested with
other electrochemical methods.

3.2. Linear polarization (LP)

From the linear polarization diagram,
quantitative information on the polarization resistance
and corrosion currents can be extracted from the
curve slope according to the Stern- Geary equation

[5].

-
(3]

. Conductivity
pH Salinity [mS/cm]
5.7 1.3 2.6
8.1 26.3 42
B
lor = 5~ @
Rp
While the Stern-Geary parameter B was
calculated using equation:
b, b
B= oo )
2.303(b, +|b,)
where: icor= corrosion  current  density;

Rp=polarization resistance; ba and bc are the Tafel
slopes for anodic and cathodic reactions on linear
polarization curves. The increase of polarization
resistance means the decrease of corrosion current,
therefore the decrease of corrosion rate.

In Figure 2, the linear polarization curves of
AISI 316L SS are shown. It is observed that the
corrosion potential (Ecor) for stainless steel immersed
in Fusayama Meyer saliva mixed with fluorinated
toothpaste with pH 8.1 is shifted to more negative
value, mV vs. Ag/AgCl as compared with corrosion
potential revealed by stainless steel in Fusayama
Meyer without toothpaste with pH 5.7, mV vs.
Ag/AgCL.

—— (1) 316L - SFM
——(2) 316L - SFM + Toothpaste

-

o
1
]

-
a
1
T

@)

=
=)
1
]

054

1.04
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154
-2.0 4

254 i =0.9834 wacm?

E=722mV
-3.0 \ N . 1 N 1
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E =577 mV

v v L)
-850 -800 -750 -700

v
-650
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Fig. 2. Linear polarization diagrams around free potential of 316L stainless steel in: (1) Saliva
Fusayama-Meyer; (2) Saliva Fusayama-Meyer with fluorinated toothpaste at a sweep rate of 1 mV/s
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The corrosion current density reveals about the
same values for stainless steel, both values being in
the same order of magnitude as it can be seen in Fig.
2.

3.3. Potentiodynamic polarization

Potentiodynamic polarization diagrams were
performed in Fusayama Meyer solution with and

2400 ——(1) 316L - SFM
2200 (a) ——(2) 316L - SFM + Toothpaste
2000
1800
., 1600
£ 1400
o
<« 1200 2)
— 1000

-200 + t + + + + + + + {
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00 1.25 1.50
E [V vs. Ag/AgCl ]

without fluorinated toothpaste. The results are
presented in Figure 3 (a, b). Figure 3a show the entire
domain of current density and potential while Figure
3b show a zoom in the range of lower current
densities in order to observe better the passive
domains of stainless steel immersed in saliva SFM
and saliva SFM mixed with toothpaste.

—— (1) 316L - SFM

1404
(b) | ——(2)316L - SFM + Toothpaste

1204
@ 0

E=+994 mV

100 4

Passive domain

E=-690 mV
80+ |

604

i[nAcm]

404

204

04

Passive domain
204

E=-575 mV E=+1316 mV
3 4 3 4 '

+ I I i I

-40 t t t t + t t } + 1
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00 1.25 1.50

E [V vs. Ag/AgCl ]

Fig. 3. Potentiodynamic polarization diagrams of 316L stainless steel performed at a sweep rate of 1
mV/s in: (1) Saliva Fusayama-Meyer; (2) Saliva Fusayama-Meyer with fluorinated toothpaste

As it is shown in Figure 3a the current density in
transpassive domain of stainless steel immersed in
saliva mixed with fluorinated toothpaste increases
rapidly having higher values as compared with the
current density of stainless steel in transpassive
domain corresponding to Fusayama Meyer saliva
without toothpaste. The passive domain of stainless
steel immersed in Fusayama Meyer solution is wider
extending over 1316 mV as it can be seen in Figure
3b. When human saliva is mixed with fluorinated
toothpaste the passive domain of 316L stainless steel
becomes narrower stretching only on 994 mV. It
appears also that localized corrosion through passive
film occurs when saliva is mixed with fluorinated
toothpaste, Figure 3b, diagram (2).

3.4. Electrochemical impedance
spectroscopy

In this section, the results obtained by the
impedance spectroscopy method complement the
open circuit and polarization measurements. To more
clearly identify the features of the electrochemical
corrosion behavior of AISI 316L stainless steel in
human saliva environment with and without addition
of fluorinated toothpaste, tests were performed to
measure the impedance of an electrochemical cell
when a small amplitude sinusoidal voltage is applied
to it. As a result of the EIS measurements and its

graphical dependence of Z = f (w), where o is the
angular frequency, in the coordinates of complex
ohmic plane, the real component (Re Z) is plotted
along the x axis, and the imaginary component of the
resistance (- Im Z) is plotted along the y axis [20].
Figure 4 shows the impedance spectrum in the
Nyquist graphs, with a higher specific resistance of
316L stainless steel in Fusayama-Meyer saliva, R=
4370 as compared with the specific resistance
obtained in human saliva mixed with fluoride
toothpaste, R = 1200 kohm-cm?,

To simulate and fit the EIS experimental results
an equivalent electrical circuit model is proposed to
express the interface of stainless steel in contact with
human saliva. Characterizing the corrosion processes
occurring on their surface. The impedance is
expressed by the following equation [21-22]:

ZCPE :-;
Q(jw)*

where: Q is the frequency-independent real constant
of the CPE in F cm-2 so-1, o is the angular frequency
(o = 2zf) in rad st-, f is frequency Hz, j is the
imaginary number, j = V-1, « is related to the angle of
rotation of a purely capacitive line on the complex
plane plots.

®)
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Fig. 4. Nyquist graphs of the impedance results for the AISI 316L stainless steel immersed in: (1)
Saliva Fusayama-Meyer; (2) Saliva Fusayama-Meyer with fluorinated toothpaste

The time constant dispersion, CPE is attributed
to capacity dispersion or to capacity change with
frequency. For this research work the constant phase
elements (CPE) could express the irregularity of the
electrode surface. The value of a is associated to the
non-uniform distribution of current as the result of
surface inhomogeneity (roughness, structure, defects).
The parameter a can takes values from -1 to 1 [23]. In
the case when a # 1, the system reveals a behavior
that attributes heterogeneity or the continuously
distributed time constants for charge-transfer
reactions [5].

The modified Randles circuit with two-time
constants, with schematic presentation in Fig. 5, was

R CPE,

Y

proposed to fit the EIS experimental results. In this
circuit Rs is the solution resistance, CPE; is an
element of the first constant phase, R; is the specific
resistance for the first time constant, R; is the solution
and the corrosion product film resistance and CPE;
establish the second element constant phase [24]. The
first time constant (R1-CPE1) is connected with bulk
steel passive film interface controlling the dissolution
of steel elements and also formation of passive film
on stainless steel surface. The second time constant
(R2, CPEy) describes the passive film/saliva solution
interface. This interface controls and at the same time
slows down the corrosion degradation process.

Fig. 5. The equivalent electrical circuits of AISI 316L stainless steel surface used for better fitting and
simulation of electrochemical experimental measurements of the impedance spectra

The proposed equivalent electrical circuit fits
well the Nyquist impedance experimental data but
also the Bode plots and admittance plots as module Z
versus frequency and phase element versus

frequency. The Bode plots, Figure 6 (a) and (b) are
displayed an acceptable agreement between
experimental and simulated data, thereby validating
the selected equivalent circuit model.
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Fig. 6. Electrochemical Impedance Spectroscopy results (symbols) and fitting diagrams (plain lines)
in the Bode coordinates for the AISI 316L stainless steel immersed in: (1) Fusayama Meyers saliva;
(2) Fusayama-Meyer saliva mixed with fluorinated toothpaste. (a) - module Z vs. logarithm of
frequency and (b) phase angle versus logarithm of frequency

Table 4 summarizes the values of the circuit
parameters obtained from the best fit with the
experimental impedance diagrams.

The results obtained after fitting the EIS data
using the proposed equivalent circuit (EC), are
describing major or minor differences between the
two tested solutions. The R values showed on Nyquist
impedance data from Figure 4 are values obtained by

summing R1 and R2 for respective saliva solution.
The R values for SFM solution and for SFM mixed
with fluorinated toothpaste are of the same order of
magnitude but with slower decrease for 316L
stainless steel immersed in Fusayama Meyer saliva
mixed with fluorinated toothpaste (about four time
smaller) indicating a slower increasing of corrosion
rate due to fluor ions containing the toothpaste.

Table 4. Fitted values for the different elements of the electrical equivalent circuits for the impedance
experimental results of 316L stainless steel immersed in Fusayama Meyer saliva with and without
fluorinated toothpaste

Elements of the R1 CPE: R2 CPE2 R
equivalent circuit | [kQem?] | [Fem?] | [kQem?] | [Fem?) ¢ [k em?]
Fusayama-Meyer 129 4.38E-7 4241 377E5 | 092 4370

saliva
Fusayama-Meyer
saliva + fluorinated 72 2.08E-5 1128 1.20E-5 0.88 1200
toothpaste

Tables 4 indicates values of the a element of
0.92 with the tendency towards pure capacitive
behavior for stainless steel immersed in Fusayama
Meyer saliva. A slower value of « parameter of 0.88
is obtained after fitting the impedance results of 316L
stainless steel immersed in Fusayama Meyer saliva
mixed with fluorinated toothpaste.

4. Conclusion

The study presents the corrosion behavior of
AISI 316L stainless steel in Fusayama Meyer saliva
and the effect of fluorinated toothpaste on corrosion
resistance. The results of open circuit potential
evolution reveal that AISI 316L stainless steel

immersed in Fusayama Meyer saliva show a passive
state with the tendency to slow increase to more
positive values as compared with the evolution of
open circuit potential of stainless steel immersed in
saliva mixed with toothpaste, which is shifted from
the beginning of immersion to more negative values
and the steady state value is stated at more negative
value also.

Analyzing the linear polarization diagrams it is
concluded that the corrosion potential is obtained at
more negative value for AISI 316L Stainless Steel
immersed in Fusayama Meyer saliva as compared
with saliva mixed with fluorinated toothpaste, even if
the corrosion current densities reveal the values of
same order of magnitude.
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The polarization curves in the potentiodynamic
regime denoted that the passive domain in the
solution without the toothpaste is larger than those
revealed in saliva mixed with fluorinated toothpaste.

From  the  Electrochemical Impedance
Spectroscopy can be concluding that AISI 316L SS
immersed in artificial Fusayama Meyer saliva have a
higher value of specific polarization resistance as
compared to human saliva mixed with toothpaste.

Therefore, the recommendations of dentists
regarding dental brushing with fluorinated toothpaste
for orthodontic patients require a readjustment of the
oral hygiene products suggested with those without
the fluorinated component.
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STUDY ON EXPERIMENTAL DETERMINATION OF THE
ELASTICITY MODULUS OF CASTED BASALT

Ilie Octavian POPP
“Lucian Blaga” University of Sibiu, Romania
e-mail: ilie.popp@ulbsibiu.ro

ABSTRACT

Basalt is a material available in big quantities in nature. It has a low price
and can be used in various domains. It can be relatively easily extracted from
natural deposits and processed by means of melting. Melted and recrystallized
basalt has demonstrated promising behavior with regards of its use in

manufacturing, as reported in the literature.

This paper presents the results of an experimental study on the determination
of the modulus of elasticity of molten and recrystallized basalt by the method of
resistive electrical tensometry and to validate the result and by simulation using
finite elements method. Testing methodology, experimental test, data records, data
processing and resulting conclusions are presented in the paper.

KEYWORDS: materials, experimental study, modulus of elasticity of basalt

1. Introduction

One of the major issues of the contemporary
world, in the context of the global crisis of raw
materials and materials, is the saving of ferrous and
non-ferrous metal, as well as of other deficient and
expensive materials. Within this action, the concerns
for introducing and extending the use of basalt, a
material found in large quantities in nature, accessible
and inexpensive are also included. Basalt is the most
widespread material on the surface of the earth. It
appears in all four major tectonic environments.

Basalt is a natural, hard, dense, dark brown to
black volcanic rock originating at a depth of hundreds
of kilometers beneath the earth and reaching the
surface as molten magma. The simplicity of the
manufacturing process reduces the production cost of
basalt parts and fibers in industry. The quality and
chemical composition of the basalt raw material have
a major effect on the costs and properties of the parts
and fibers made from this material and can lead broad
range of application in industry, with different
mechanical properties [1].

From the study of the scientific literature and
other researches in the field, the following aspects can
be remarks:

Known technologies allow the processing of
basalt by [2, 3]:

- melting and recrystallization;

- sintering;

- basalt fibers.

By melting and recrystallization, the basalt
improves its main chemical, physical and mechanical
characteristics, of which we mention:

» exceptional abrasion resistance, which in
most cases exceeds that of high alloy steels;

» very high resistance against acids (sulfuric
acid, hydrochloric acid, other strong acids, except for
hydrofluoric acid); stability to solutions of sodium
hydroxide, potassium hydroxide and other bases;

» special dielectric properties;

» wear resistance by sliding;

» thermal and sound insulation (in the form of
wool);

» successfully replaces high alloy steels and
castings in the construction of some plants and
machinery.

In addition to the advantages presented above,
there are still several disadvantages:

- it has no plasticity;

- it doesn’t withstand mechanical shocks very
well;

- it doesn’t resist to thermal shocks, the
maximum temperature coefficient of resistance is
400-600 °C.

The use of basalt products is justified and it is
necessary to look for other areas and methods where
there could be the possibility of using this material.
Although basalt is a material known to specialists in
the silicate industry and the construction industry, the
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same cannot be said about its use in the field of
machine construction. The car construction industry
has completely different characteristics than the ones
found in constructions and that is why extensive
research is required in order to highlight the
characteristics of basalt, to exploit the advantages
offered by it and to eliminate the disadvantages [4].

Therefore, the problem of basalt behavior to
specific requests, in order to use it in the manufacture
of the structural elements of the machines and
equipments has not yet been addressed so this paper
aims to make a necessary introduction in this
direction. As a result, the elastic modulus and
strength of basalt composites as material for machine
parts must be evaluated carefully [5, 6].

2. General topics

In machine tool and equipment manufacturing
industry, it is necessary to be chosen materials that
withstand the demands that may arise in operation.
For this, in first phase of design and calculation of
dimensioning the structural elements, it is important
to know the elastic characteristics of the materials.

Knowing the specific deformations of the
material produced during a mechanical stress (axial,
bending or twisting) in the elastic field and using the
relationships of STAS 10290-86 (Metal testing.
Tensile testing. Determination of the elastic
characteristics [7]) the numerical values of the
elasticity modules E and G can be determined. In
addition, with the help of specific deformations the
value of the cross-sectional contraction coefficient v
is determined.

For this determination, the method of resistive
electrical tensometry was used and the experiments
were carried out in the Materials Resistance
laboratory of Engineering Faculty of Sibiu. The
planning and conduct of these experimental
researches were done in compliance with the current
standards. Also, the methods of collecting and

i

statistical processing of the experimental data are
those recommended by the Romanian standards.

3. Determination of the basalt elastic
characteristics by the method of resistive
electrical tensometry

Resistive electrical tensometry is a method that
allows measuring the specific deformations of the
requested part with high precision. In order to
determine the coefficient of transverse contraction on
a normal flat specimen, two resistive electrical
transducers are marked on the opposite sides: one
along the axis and the other perpendicular or one
rosette with two perpendicular translators. The
electric transducers are connected in full deck using
the bridge property to algebraically gather the
variations of resistors of the transducers connected in
the same arm or opposite arms and to algebraically
decrease the variations of the resistances of the
transducers connected in adjacent arms. The complete
bridge assembly avoids the parasitic effects, the
translator placed transversely on the specimen having
the role of the compensation translator. Transducers
with the same value for the voltage constant and the
same value for the electrical resistance are chosen.
The difference between the indication of the
tensometric bridge circuit after loading the specimen
and the indication of the bridge before loading the
specimen represents the specific deformation read at
the strain gauge bridge circuit.

The static constants of elasticity were
determined on a number of 16 basalt specimens, of
dimensions Ixbxh = 16.6 x 11.7 x 240 mm, on which
four strain gauges TER1-TER4 linear type SGD-
6/120-LY13 were placed, (Fig. 1). The specimens
were loaded for simple bending with forces having
different numerical values (Table 1) and the
tensometric  bridge indications representing the
specific deformations (€) were read.

TER 1-4

é_;’/

F
E

e

N
N

Y

Fig. 1. The model of the basalt specimen
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The modulus of static longitudinal elasticity is
determined by the relation [7]:

E = 6l F
!Jh‘E_T(E:

[N/m?] (1)

and the coefficient of the transverse contraction with
the relation:

_E L )

[

V=

where |y, Iz, b, h are the dimensions of the specimen
and have the meaning in Fig. 1, F is the applied force,
and &x and &, are the strain in the x and z directions,

expressed in um/m on the scale of the measuring
apparatus.

The transverse elasticity modulus determined
statically, considering the molten basalt and
recrystallized as an isotropic material, it is calculated
with the relation:

G =—— [N/m?] ®3)

T 2(14v)

The mean values obtained from experimental
measurements performed on the casted basalt parts
are shown in Table 1.

Table 1. The numerical values of the test

F [N] 10 20 25 30
&x1 [um/m] +27 +58 +72 +102
& [Um/m] -30 -58 -82 -102
€23 [LUm/m] -11 -20 -32 -29
€24 [LUm/m] +11 +19 +27 +29
E1 [10%° N/m?] 9.530 8.872 8.652 8.046
E, [10%° N/m?] 8.577 8.872 8.597 8.046
Emed [10%° N/m?] 9.053 8.872 8.124 8.046
V' 0.354 0.327 0.386 0.247
V" 0.318 0.327 0.286 0.247
Vimed 0.336 0.327 0.336 0.247
E = (8.523 + 0.512) 10° N/m?
v=0.333+0.0052
G =(3.196 + 0.254) 10%° N/m?

The experimental data obtained from the tests
was analyzed using Microsoft EXCEL. Statistical
processing of the measurement results (the values of
deformations) was done considering a significance
threshold a = 0.05. The Cochran test was applied to
determine the homogeneity of the dispersion and the
Student test to eliminate the insignificant effects.
Interpreting the data obtained from the measurements
and using the relationships (1), (2) and (3), the values
of the static elasticity modulus E, the coefficient of
the transverse contraction v and the transverse
elasticity modulus G, were determined as presented in
Table 1.

Behavior tendency of basalt, determined by the
series of experimental data presented, was highlighted
using Microsoft EXCEL software, through the linear
regression method. It draws a line through a series of
values resulting from measurements using the least
squares method. The linear regression equation (y =
ax + b) and the value of R2 are calculated
automatically by the program and are displayed in the
diagram from Fig. 2.

The experimental values obtained for the elastic
constants of the basalt (E, v, G - Table 1) are useful in
knowing the most accurate behavior as a base
material or a substitute material in different
mechanical constructions. We observe an almost
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linear behavior of the basalt in the analyzed elastic
range (Fig. 2). The dispersion obtained is due to the

120.00

inhomogeneous of the material structure from
different batches and due to measurement errors.

100,00
80.00
Ex1[um/m] &0.00 -
40,00

20,00 4

0.00

—Seres!
o] near (Seres!)

0,00 5,00 10,00 15,00

20,00 25,00 30,00 35,00

F[N]

Fig. 2. Behavior tendency of basalt given by experimental results

4. FEM of determined elasticity modulus

In order to further validate the experimental data
obtained from the tested parts, numerical
investigation was performed and a basalt bar was
modeled. The simulation of the test was performed
through finite element method with the help of
Abaqus software package. The analysis of the process
followed an implicit scheme in order to obtain results
as precise as possible. The basalt part is meshed with
the help of C3D8R element with the dimension of 2

mm, thus obtaining 5760 elements on this specimen.
The specimen is fixed at one end and on the other
forces are applied in the form of 4 pressures in
different steps like in Fig. 3a. For the analysis to be
carried out the basalt specimen was modeled using
the elasticity modulus determined experimentally and
Poisson coefficient which was calculated as 0.333.

After running the analysis, when applying the
forces of 10 N, 20 N, 25 N and 30 N, the maximum
displacement values and the maximum von Mises
stresses, presented in Fig. 4 are obtained.

I

-

Fig. 3. Basalt specimen modeled in Abaqus

Fig. 4. Displacement of U3 (axial direction) when a force of 10 N, 20 N, 25 N and 30 N is applied
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A comparison of

Fig. 5. The von Mises stresses when a force of 30 N is applied

the

values obtained

experimentally and through finite element analysis
can be seen in Table 2.

Table 2. Comparison between the values of
displacement on axial direction obtained
experimentally and through numerical analysis

Displacements Displacements
Forces obtained obtained
[N] experimentally through FEM
[pm] [pm]
10 6 9
20 14 18
25 17 23
30 24 27

5. Conclusions

The elastic deformations of the loaded elements
of machine tools (mullion, sleepers, tines, tables,
housings, etc.) must be appreciated in terms of their
influence on the precision of the manufacturing of the
workpiece. The deformations result from the action of
the cutting forces, the own weight of the loaded
elements, the weight of the semi-finished product, the
clamping forces and sometimes even the forces of
moving inertial masses.

The value of the static elasticity modulus of the
casted basalt was determined, with the help of bar-
type samples subjected to bending through resistive
electrical tensometry method. These values obtained

from the presented experiments, were taken into
account as material characteristics, when modeling
the static behavior of the basalt through the method of
the finite elements.

Table 2 shows that the values of displacements
of the basalt specimen determined through finite
element analysis method are approximately with the
values obtained experimentally and this is due to the
fact that in numerical investigation software, Abaqus,
the elasticity modulus E was taken 8.523x10%°
[N/m?].

References

[1]. M6hring H.-C., Brecher C., Abele E., Fleischer J., Bleicher
F., Materials in machine tool structures, CIRP Annals -
Manufacturing Technology, 64 (2), p. 725-748, 2015.

[2]. Gornic C., Bazaltul materie prima pentru piesele destinate
masinilor unelte, ICSITMU - Titan Bucuresti, 1989.

[3]. Ducatti V., Lintz R., Santos J., Comparative Study with
Alternative Materials for Manufacture of Machine Tool Structure,
International RILEM Conference on the Use of Recycled Materials
in Building and Structures, p. 925-934, 2004.

[4]. Kepczak N., Pawlowski W., Application of Mineral Casting
for Machine Tools Beds, Mechanics and Mechanical Engineering,
17(4), p. 285-289, 2013.

[5]. Popp 1. O., Consideration regarding the properties and
behaviour of basalt used in machine building, in Proceedings, p.
127-130, First international Conference on Materials and
Manufacturing Tehnologies, MATEHN' 94, Cluj-Napoca, 1994.
[6]. Popp I. O., Contributii la cercetarea comportarii bazaltului
supus unor solicitari specifice masinilor unelte, Teza de doctorat,
“Lucian Blaga” University of Sibiu, 1999.

[7]. Mocanu D. R., et al., Incercarile materialelor, vol. I, II,
Editura Tehnica, Bucuresti, 1982.

- 46 -


https://doi.org/10.35219/mms.2020.4.08

N DE g
TS

THE ANNALS OF “DUNAREA DE JOS” UNIVERSITY OF GALATI
FASCICLE IX. METALLURGY AND MATERIALS SCIENCE
N°. 4 - 2020, ISSN 2668-4748; e-ISSN 2668-4756
Article DOI: https://doi.org/10.35219/mms.2020.4.09

REAL-TIME RAINDROP DETECTION BASED ON
DEEP LEARNING ALGORITHM

Florin Bogdan MARIN, Mihaela MARIN
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e-mail: florin.marin@ugal.ro

ABSTRACT

The goal of this research is to develop an in-vehicle computerized system able
to detect the raindrops on windshield and warn the driver and start the windscreen
wiper in order to avoid that computer vision to acquire blurred images. This feature
is important in order to develop Advanced Driver Assistance System based on
computer vision. The system should be able specific scenarios that do not allow the
ADAS computer vision feature to work properly. Rain drop detection will allow a
more reliable Advanced Driver Assistance System.

KEYWORDS: computer vision, passenger fatigue detection, Advanced Driver

Assistance System

1. Introduction

With more than 50 000 casualties in Europe,
Advanced Aided Driver Assistance (ADAS) systems
solutions are rapidly becoming an essential feature of
many car manufacturer in order to provide road
safety. Besides many sensors used (lidar, radar,
ultrasonic) computer vision is used mainly in most of
ADAS systems such as obstacle detection, lane
detection, pedestrian detection. Due to the variable
environmental that cameras used in ADAS computer
vision application must be used the developer must
address additional challenges, such as corrupted data
flow or failure of image acquisition. One of the issues
is rain-drop detection. In this case, the system
automatically starts windshield wipers and/or alert the
driver that the system cannot be trusted due to the bad
image. There are many attempts to detect weather
conditions from videos or images for computer vision
applications [1, 5, 6]. Raindrops can be described as
transparent sphere reflecting light in a specific pattern
to the camera. Also, the light is refracted to the
camera leading to a distorting image and build a
blurred image. Due to these facts the detection of
raindrops can be detected.

Several solutions that are assisting the driver are
commercially available or developed as proof of
concept [2-4]. Dozens of ADAS features are taking
into account traffic sign recognition, forward collision
warning, lane warning departure, parking assistance,
etc.

Self-driving vehicles, also named autonomous
vehicles must also use computer vision processing
besides several sensors in order to understand the
environment to safely navigate without driver
decisions. Consequently, autonomous vehicle needs
to detect rain drops detections in order to take actions
such as control de windscreen wiper or to inform the
driver cannot longer operate in safety.

Real time raindrop detection is significant not
only to the ADAS system but also for future
autonomous vehicles. The development of such
detection techniques is of paramount significance
with respect to its contribution in the field of
computer vision-based applications applied to ADAS.
It is also important to be utilized by all computer
vision based ADAS for keeping their feature reliable
and ensure the windshield is clear and allows reliable
images to be processed. The study will also be
significant also for other real time surveillance
applications such as security cameras, wild animal
surveillance. The detection of raindrop will allow the
system to inform the user or to activate windshield
wiper [3, 5-7]. The detection of windshield wiper is
also another objective for ADAS based computer
vision systems, as it shouldn’t process information
when the wipers are in the scene.

Raindrops on windshields are within large range
of shape and size. Due to the fact that position in
space is quite short distance to the camera this
translates in optic effect such as blur, bad focus of the
cameras.

There are several approaches for raindrop
detection such as Gaussians filter to detect snow and
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fog based on the dynamics of the spatial and temporal
dimensions of images. This method is detecting in
fact texture of the rain drops.

Computer vision programmers also imagined
Canny Edge detection algorithm for detection of
raindrops. Estimating the amount of raindrops is
important in order to asses time to control the
windshield wiper, taking into account the visibility.

a. BLUR

b. RIGSEC+BLUR

Fig. 1. Detection using BLUR and combination
BLUR+RIGSEC. Red marks show False
Positives [1]

Several approaches require settings for as
camera optics but this method can only be applied in
specific manufacturer hardware and not to the mobile
phone application designed as ADAS platform.

Analyzing urban scene images while the sky has
the same color as raindrops is a difficult task taking
into account that the process must be performed real
time and provide fast solutions concerning image
registration. It seems that in these areas, the detection
rate is low.

The important feature of the deep neural
networks is that object detection is based on training
the model using several images. In such a way the
networks allow learning automatically from training
data samples. A deep neural network [4] is I different
from a classical neuronal network as it has at least
one hidden middle layer (Fig. 2), besides inputs and
output layers compared to a classical neural network
that have an input and output layer. Each neuronal
node forwards a weighted input which is calculated
from previous layer. Deep neuronal network is a good
solution for many computer vision applications. Light
refraction of the raindrops causes color changes
depending on the background color.

2. Technique proposed

Experimental results were achieved using a
hardware platform made of webcam the Logitech

C170 placed on dashboard (Fig. 2), and as processing
unit the Lenovo with an Intel® Core™ i5-1035G1
processor. The video sequences were acquired at 20
frames per second. The proposed approach was
implemented in Microsoft Visual C++ and OPenCV
and OPEN VINO libraries. Figure 2 shows general
algorithm to detect drop rain. While preliminary tests
have shown that the proposed approach works well in
the all-weather environments, during test an accident
occurred, the windshield was broken. This might
occur at a smaller scale and is leading that ADAS
computer vision-based features to fail. In this case the
system should warn the driver that ADAS features are
not reliable.

Movement
detection

Input image Initial filter

-

CNN layers

Filters based
on confidence
scores

Detection

results

Fig. 2. General algorithm used for raindrop
detection

A model able of detecting realistic rain drop on
glass surfaces demands small amount of dimensional
parameterization in order to allow very low
computational resources. The algorithm to identify
rain (Fig. 3) drop is should run while others computer
vision for ADAS are also working, same that might
need complex calculations which result in serious
computational cost. Moreover, running on the same
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processing unit of several algorithm to detect lane,
obstacles, pedestrians, etc. will make the issue of
computational resources important. The neuronal
model should run not every frame, but also when the
luminosity is changed to a low level, as most raindrop
occurred when low luminosity occur, but also there
are exceptions concerning weather conditions. In this
respect the design parameters should be carefully
tuned. CNNs are very efficient because they reuse a
lot of weights transmitted across the network.
OpenVino was used with Keras learning data in order
to train with our data samples. The generic algorithm
is described in Fig. 3. The movement detection filters
images where motion is detected to some areas,
whereas some areas are static. In such a way not all
the images are processed in order to achieve a fast
overall algorithm, taking into account that this rain
drop detection is an auxiliary feature and not the main
feature of a ADAS system. The input image is filtered
in order to contrast contours with blurred image. The
algorithm is tuned in such a way that in case of more
than 20% of covering the windshield the system
should run the windshield wipers. This percent should
be at driver choice in order to achieve best comfort.
CNN layers will identify several layers and will
provide confidence score that is providing the
detection results.

¥ =1-r1 rr:1

Fig. 3. Broken windshield

In case of the accident happened of broken
windshield (Fig. 3), the system detected successfully
that the image is not accurate in order to be
processed. The developed algorithm is detecting most
of the raindrops (Fig. 4).

Fig. 4. Face detection and eye opened detection

Tested on 10 hours of videos, the algorithm
shows a good performance with a rate of detection of
85% of the raindrops on the windshield. Due to the
colors similarity we also counted 7% false positive
detection (see Tab. 1).

Real-time performance on the
mentioned indicate a fast algorithm,

processor
a frame

(1200X800) is processed in 100-200 ms depending on
the image and raindrop coverage.

Tab 1. Statistics concerning feature detected

No of video sequences total 10h
Rate of detection 85%
False positive 7%
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4. Conclusions

The present study has shown the importance for
ADAS system of the feature to detect raindrops in
order to run the windshield wiper or to warn the
driver. Although the method shows good potential in
detecting raindrops from daytime images, given the
fact that we use web camera and not night camera, the
proposed method is limited to raindrops detection in
constraint conditions such as daytime and requires
further development to detect raindrops during the
night.
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