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Effect of Uniaxial Tensile Strain and Heat Treatment on Corrosion Behavior of AISI
304 Stainless Steel

SUJIT KUMAR GUCHHAIT ', SHAMPA DHAR, P. KMITRA
Metallurgical and Material Engineering Department, Jadavpur University, Kolkata-700032, India

Abstract : In this present study, we are attempted to correlate the corrosion behavior of AISI 304 stainless steel
(SS) caused by the microstructural changes occurring due to the combined effect of different degrees of uniaxial
tensile strain and heat treatment. For this purpose, AISI SS304 samples were prior deformed uniaxially from
10% to 50%. The deformed portion was cut to small rectangular pieces and heat-treated at a temperature of
600°C for 1 hr in Vaccum (air pressure ~ 10 mbar). This study reveals that corrosion resistance property has
been significantly changed with deformation and sensitized temperature as compare to deformed unsensitized
stainless steel. XRD, SEM and hardness testing were carried out to understand the microstructural changes.
Potentiodynamic polarization and EIS study were done to characterize the corrosion properties of the strained
and unstrained AISI 304SS. It is noted that corrosion current (I_ ) increased due to the formation of chromium
carbide or deformation band in the structure. Form the EIS study it is also established that polarization resistance
at 600 °C temperature and deformation decreased due to formation of tempered martensite along with carbide
precipitation.

Keywords : AISI 304 stainless steel, Tensile strain, Heat treatment, XRD, polarization study, EIS

1. INTRODUCTION:

Austenitic stainless steel (SS) is the backbone of the modern industry since it finds a huge application in nuclear,
chemical, petrochemical, power generation allied industry due to its high ductility, excellent mechanical strength,
and corrosion resistance properties [ 1]. The high chromium (Cr) percent (> 12 %) in these alloys plays an important
role to achieve enhanced resistant properties against various uniform corrosions [1-3]. The major drawback
related to these steels is their vulnerability to intergranular corrosion (IGC) because of sensitization [4]. The
sensitization process involves the precipitation of chromium carbides and the depletion of chromium in the grain
boundaries when steel is subjected to heat or slowly cool during the temperature range 1123K to 723K [ 5 —13].
The sensitization process depends on several factors like; heating temperature heating, chemical composition,
time [5, 14 -16]. Several studies are revealed sensitization can also be influenced by prior deformation or strain
[17- 27]. Kain, et al. reported that 304, 304L and 304LN grade SS developed martensite phase after 15% cold
working which led to sensitize at 500 °C temperature [28]. Singh et al. showed that cold deformation improved
the degree of sensitization as high as 65 times the undeformed AIST 304 at 500°C [29]. They are also suggested
that with increasing deformation; the carbide precipitation takes place at the grain boundary region. Atanda et
al. are observed that SS316L was sensitized when heated to 750 — 850 °C for 0.5 — 2 hrs before normalizing[30].
Recently, Zhang et al have investigated the effects of pre-strain (up to 20 % ) on the degree of sensitization (DOS)
and IGC of 304 SS which was thermally aged at 750 °C for one hour [31]. The study revealed that the degree
of sensitization and the susceptibility to IGC are proportional to the applied pre-strain in 16 % copper-copper
sulphate - sulphuric acid solution. In our early study, we have reported that DOS of 304 SS depended on the extent
of deformation as well as sensitization temperatures [32]. Earlier intergranular corrosion due to cold deformation
along with low temperature sensitization has been reported at comparatively higher temperature and longer
ageing time [18, 29, 31]. Hence in view of the above, the present study is focused on the correlation between the
corrosion behavior of AISI 304 stainless steel (SS) caused by the microstructural changes taking place owing to
the combined effect of different degrees of uniaxial tensile strain and heat treatment at temperature 600 °C with
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a soaking time of 1 h. The samples were investigated by X-ray Diffraction technique (XRD), Scanning electron
microscope (SEM) and Vickers hardness to understand the microstructural changes due to prior deformation and
heat treatment. The electrochemical study was carried out through polarization and impedance spectroscopy in
the IN H,SO, solution. It is observed that corrosion resistance property of the deformed and sensitized stainless
steel samples was decreased due to formation of tempered martensite along with carbide precipitation.

2. EXPERIMENTAL

The chemical composition of the AISI 304 stainless steel (thickness 3 mm) in this present study is given in Table
1. Two tensile specimens of gauge length 30 mm each were machined and deformed at various uniaxial strain
(10%, 20%, 30%, 40%, 50%) using the Instron™ tensile testing instrument at a strain rate of 10 per second.
After that, the gauge length portion of the sample has been cut into five rectangular pieces. One set of samples
(i.e. no strain, 10% strain, 20% strain, 30% strain, 40% strain, and 50% strain) was heat-treated at temperature
600 °C. The heat treatment was carried out under vacuum conditions(air pressure ~ 10~ mbar) (Figure 1) and the
soaking time was continued for 1 h followed by furnace cooling.

Table 1. Chemical composition (wt %) of AISI 304 stainless steel

C Ni Cr Mn Si S P Fe
0.039 8.62 18.89 1.49 0.56 0.009 0.031 Balance

Figure 1.Vacuum-sealed (air pressure ~ 107 mbar) AISI 304 samples

2.1. Material Characterization:

1The XRD analysis of all the samples was performed by Rigaku X-Ray Diffractometer, Ultima III using Cu
Ka (0.154056 nm) radiation in the 2 theta range 30° to 80°. The microstructural analysis of each sample was
investigated with scanning electron microscopy (SEM, JEOL JSM-6360). Before microstructural analysis, all the
samples were polished with different grade emery papers and washed in DI water then etched by 10 % HNO, + 30
% HCI1 + 60 % DI water solution. The hardness of the investigated samples of AISI 304 austenitic stainless was
taken in Vicker’s hardness tester. The hardness measurements were done using a load value of 30 kg for 5 sec.

2.2. Electrochemical Characterization:

Electrochemical studies were done using a standard three-electrode system by Gamry Instrument at room
temperature using a INH,SO, solution. For the electrochemical measurement, graphite rod and saturated calomel
electrode (SCE) were used as counter electrode and reference electrode respectively. The deformed and sensitized
AISI 304 samples were used as a working electrode. Prior to each experimental performance, the working
electrodes were polished with emery paper progressively up to 2/0 and finally polished by cloth, then degreased
with alcohol and washed with running distilled water twice. Potentio dynamic polarization studies of the samples
were performed with a scan rate of 1 mV/s in the IN H,SO, solution. Electrochemical Impedance Spectroscopy
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(EIS) study was also carried out in the same instrument in a frequency range from 0.01 Hz up to 100 kHz at 10
mV amplitude in 1N H,SO, solution. Here all electrochemical curves were analyzed by Echem Analyst software
and all potentials are reported with respect to SCE.

3. RESULTS AND DISCUSSION:

Figure 2 (a - b) shows the XRD patterns of the non-heat-treated and heat-treated samples after deformation. Figure
2a compares the XRD patterns of strained and unstrained samples. It reveals that as received (unstrained and non-
heat treated) sample shows the fcc (y) phase along with the martensite phase in the matrix [32]. With increasing
strain, the intensities of austenite peaks are found to gradually decrease and martensite peaks appeared. However,
a change is observed at a 20 % strained sample where o’ (110) peaks are vanishing due to the preferred orientation
[32]. However,a’ (110) peaks re-appears at 30 % strain and intensity gradually increases with the percentage
of strain. This deformation-induced martensite(DIM) during tensile deformation may be due to stacking fault
energy of AISI 304 SS [29]. At higher temperature, at 600 °C, o’ martensites present in all diffractograms (Figure
2b) and it beg into transform into tempered martensite( a + M,,C, ) having carbide precipitation results in the
phase mixture of a and o’ [32]. Therefore, at a higher,temperature, a significant enhancement in the peak intensity
adjacent to the (111) y peak is observed.

. ; 2
=2 - g 22 3 3
=Z g a 3. == = g b
~u = ™ &) %% sirs = T r
40 "% sirain
M,'. A e, el

#i A '1 40 % strain
30 %5 strain
——*MMLM—H ﬂ A ’1_‘1“ B sirain

l l Nzl.l %% strain
P e bt 20 %% strain
10 %% sirain
h ] |l1 10 %% strain

!! ! No sirain B l E No strain

30 40 S0 60 70 80 9% 30 40 50 60 70 80 90
2 Theta (Degree) 2 Theta (Degree)

Figure 2. XRD analysis (a) non-heat-treated (b) heat-treated at 600 "C samples at different strain

Intensity ( CPS)
Intensity ( CPS)

Figure 3 (a — f) and Figure 4 (a — f) shows the Scanning Electron Micrographs (SEM) of strained and unstrained
samples. Figure 3a reveals that little amount of deformation band is present in the unstrained non heated sample.
It was found that with increasing strain significant microstructural change is observed. Populations of deformation
bands are predominantly starting forming from 20 % strain (Figure 3( b — f)). Hence it is worth mentioning
that, at the grain boundary region, these deformation bands can act as the energetically favorable zone for the
precipitation of chromium carbide, resulting in the formation of depletion regions in the near band zones. It is
noted that with increasing temperature (600 °C) these deformation bands are clearly observed (Figure4 (a — f)).
Interestingly at higher strain and temperature condition, chromium carbide precipitation took place along the
grain boundary and deformation band region are also significantly prominent in the micrographs. It is also being
noted that carbide precipitation is a time temperature-dependent process that is determined mostly by carbon
diffusion at low temperatures and carbide solubility at elevated temperatures [33].
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Vicker’s hardness of the samples is given in Figure 5. From XRD and SEM study it was revealed that as received
sample contains fcc (y) phase along with martensite and with increasing strain SIM formation takes place (except
20 % strain). It is reported that the martensite phase is harder than the ferrite or austenite phase [34]. Hence, the
hardness of non-heat-treated samples increases with increasing strain. In the case of 600 °Cheat-treated samples,
the hardness of 10% deformed sample decreases as compared to the unstrained sample which may be due to
stress relaxation. Nevertheless, after that hardness value increases upto 30 % deformed which is may be due to the
formation of martensite phases along with and carbide precipitation (supported by XRD and SEM study) along
the grain boundaries. Although hardness value again decreases at higher deformation because of carbon diffused
toward grain boundary along with the martensite phase is starting disappearing from the microstructures.

420
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=@~ 600 "C heat treated

L Lk
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= ]
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&
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Figure 5.Vickers hardness of the non-heat treated and heat-treated samples

A comparative polarization curve of the non-heat treated unstrained and strained samples in 1 N H,SO, solution
is given in Figure 6a. It is found that the corrosion current (I_ ) of the as-received unstrain sample is 3.7 pA/cm?
which gradually decreases upto 20 % strained samples (I = 0.31 pA/cm?) due to suppression of (111) o’ phase
as discussed in the previous section.

T

However after that, with increasing strain, corrosion current enhances due to DIM and 50 % strained sample
attained maximum Icorr (I = 564.5 pA/cm?) (Table 2). A comparison curve of 600 "Cheat-treated samples is
shown in Figure 6b. 600 °Cheat-treated samples show reduced Icorr up to 30% strained sample (Table 2). After
30% of deformation I__ increases which is due to the precipitation of chromium carbide at higher deformation
and temperature. From Figure 6 (a — b) it is also revealed that deformed non-heat-treated samples give superior
nobler properties than deformed 600 °C heat-treated samples ( Table 2 ).

0.1
. 064 ——postrain a —— No strain b
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S 04] ——20%stain 3] ——20% sirain
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e e R T ——
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Figure 6.Potentiodynamic polarization study of (a) non-heat-treated (b) heat-treated at 600 °C samples at different strain
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Table 2. Polarization data of the non-heat-treated and heat-treated samples at different strain

I (pA/cm?) E__(mV vs. SCE)
Sample No Heat At 600 "CHeated No Heat At 600 "CHeated
No Strain 3.7 36.2 -260.5 -308.9
10% Strain 0.87 6.1 -127.6 -265.0
20% Strain 0.31 2.2 14.8 -265.0
30% Strain 545.2 1.1 20.8 -293.5
40% Strain 548.4 3.1 25.2 -269.7
50% Strain 564.5 38.8 34.1 -334.7

Electrochemical Impedance Spectroscopy (EIS) studies were done for a better understanding of the fundamental
feature of electrochemical behavior at the electrolyte - metal interface. The electrochemical process at the surface
is a complex phenomenon, which consists of different ions interactions, polarization resistance (Rp), impedance
and other parameters due to interaction between electrolyte and electrode. The overall process can be summarized
by an equivalent AC electrical circuit which is depicted and discussed in this section. The EIS spectra of all the
samples are shown in Figure 7 (a — b) and the EIS data are tabulated in Table 3. All the spectra were fitted in
the constant phase element model (CPE) (Figure. 8a) except non-heat-treated samples of 30 %, 40 % and 50 %
strained samples. These are fitted in CPE with diffusion model (Figure 8b). Mathematically, simple CPE model
can be expressed by:

ZCPE = w

Where j represents the imaginary function, w is the angular frequency, Y is CPE constant, a is an exponent
of constant phase element ranging from 0 to 1. A high o value is typically for the material which has a strong
capacitive nature. A higher polarization resistance R) implies greater corrosion resistance of the material in a
given environment. Figure 7a shows the Nyquist plot of the non-heat-treated samples. From these curves, it is
clear that un-strained, 10% and 20% strained samples tend to become semicircle. It is found that with increasing
strain (upto 20 % ) polarization resistance (R)) increases however after that R_decreases with deformation due
to an increase of DIM in the matrix(Table 3). On the other hand, 600°C heat treatment samples also tend to
form semi-circle shows in the Nyquist plot. From Figure 7 (a — b) it is clearly revealed that increasing stain and
temperature corrosion resistance properties deteriorated as compared to the non-heat-treated samples due to the
formation of carbide precipitation.

80.0k 35.0Kk
60.0k o TR
™~
et
8 - ~p210KA
~— 40.0k 4 £
I’\F —— N sirain &T 14.0k - —a— Ny siratin
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Figure 7.Nyquist plot of (a) nonheat-treated (b)600 "Cheat-treated samples at different strain
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Figure8: Equivalent model circuit for (a) CPE; (b) CPE with diffusion model where, R = Solution resistance,
CPE = Constant phase element, R= Polarization resistance, W, = Warburg element

Table 3: Electrochemical impedance data of all the samples

R, ohms () R ohms (KQ) Y, (x10°) (S*s"a) A Wd (S*s"'?)
S No Heat 16{(23(:1;?1 No Heat 16{(2(;;?1 No Heat 16_1(22;3 No Heat Iﬁl(i(;;?i No Heat 16_1(:;;3

No Strain 4.5 3.2 27.6 60.80 91.85 73.5 0.68 0.73 - -
10 % strain 5.8 5.3 376.4 326.1 93.12 86.7 0.75 0.74 - -
20 % strain 4.6 3.4 4459 27.72 70.56 110.5 0.75 0.73 - -
30 % strain | 0.3 x10° 1.7 0.002 55.20 0.36 86.07 0.95 0.75 0.18 -
40 % strain | 0.1 x10 3.1 0.0019 88.03 0.48 102.4 0.91 0.77 0.24 -
50 % strain | 0.8 x107 24 0.0022 87.79 0.8 106.2 0.93 0.76 0.22 -

4. CONCLUSIONS:

From the above results and discussion; a correlation between the corrosion behavior of AISI 304 SS caused by
the microstructural changes taking place due to the combined effect of different degrees of uniaxial tensile strain
(10 %, 20 %, 30%, 40 %, and 50%) and heat treatment is established. So in conclusion,

a. AISI 304 stainless steel significantly influenced by uni-axial tensile stain and sensitization temperature.
The SEM micrographs obtained from the strained and heat-treated samples showed the existence of
deformation bands in all the samples. At higher strain and temperature, chromium carbide precipitations
along the grain boundary and deformation band region are also significantly prominent.

b. The corrosion resistance properties and solution resistance properties of sensitized and un-sensitized
samples are notably affected by marten site and carbide phases. At higher deformation (50 %) and higher
heat treatment temperatures complex microstructural changes cause opposing corrosion behavior in the
sample. In 1 N H,SO, solution, deformed non-heat-treated samples give superior nobler properties than
deformed 600 °C heat-treated samples.
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Abstract : The molecular dynamics (MD) simulation has used to explore the effect of cooling rate on the crystal
nucleation and its growth. Themodynamic analysis (potential energy), atomic mean square displacement and
diffusion coefficient have considered to characterize the thermal motion of aluminium. The proportions of locally
crystal organization such as fce, bee, hep, etc. of aluminium atoms depend on the cooling rate. For cooling rate
0.1K/ps and 1K/ps (cooling from 1173K to 273K), an fcc crystalline solid aluminium is formed during cooling.
But for cooling rate 10K/ps, an amorphous aluminium metal is formed at 273K. The dislocation extraction
algorithm (DXA), consists of dislocation of the boundary and Burgers vectors have used to characterize the crystal
defect in solidification of aluminium. For cooling rate 0.1K/ps, at the stage of nucleation, many crystal defects are
found, but as temperature decreases, crystal defect slowly disappears. In case of cooling rate 1K/ps, crystal defects
have seen in very early stage of nucleation but these defects grow continuously as temperature decreases. The
thermodynamic analysis behind the origin of crystalline and amorphous aluminium has studied. The face center
crystal, fce, structure of aluminium is a most favorable energy state. Amorphous aluminium is an energetically
unfavorable metastable state. Diffusion coefficient decrease as the solidification proceeds, but at the nucleation of
crystal, it display a sudden decrease to a negative value and then become nearly zero. An abrupt drop to a negative
value, comes due to attractive nearest-neighbor lattice packing and crystal nucleation and its growth.

1. INTRODUCTION

Under the rapid solidification process (RSP) of metals and alloys, phase transition can be formed depending on
the thermal motion of atoms. At extremely high cooling rate, the crystallization may be inhibited and a metallic
glass are formed. Under such situations, the liquid phases with the short-range order structures are saved in the
solid state [1]. Studying the phase transition phenomena in metallic material at such extremely high cooling rate is
not experimentally feasible. The aim of this work should be to study the structural evolutions in aluminum during
RSP using MD simulations. The crystallization during RSP needs to be investigated and the effect of crystalline
behavior of the re-melting temperature may be investigated if required. From last two decades, scientists have
shown that metal processing such as rapid solidification, controls the most micro structural properties of aluminium
metal by using both experimental [1-16] and computational simulation|19-35] methodology.

Experimentally, rapid solidification process have carried out by using gas atomization[10], spray atomization
[11], melt spinning [12], glass-fluxing method [13], drop tube technique [14], rapid quenching [15], etc. The
rapid thermal energy extraction that occurs during rapid cooling create a solid state of material which have
large deviations from equilibrium, shows many changes in material properties such as an extension of solid
solubility, formation of non-equilibrium or meta-stable crystalline phases, retention of disordered structure,
modification of grains shape and size. These properties are responsible for enhancement in mechanical properties,
thermal stability, wear resistance, and high temperature strength etc. compared to the conventional solidification
process. Recently, Wang et al. [16] have shown that the creation of homogeneous microstructures which improve
mechanical properties of aluminium alloy by increasing the cooling rate through roll casting technique. Overman
et al. [17] have studied the microstuctural characteristic and mechanical properties of rapid solidify aluminium
alloy both at room temperature and 300K. They have found the ultimate tensile strength 544.2 MPa at room
temperature and 298.0 MPa at 300 °C. Despite of many experimental studies, there is a need of study of atomic/
molecular modeling of rapid solidification of aluminium at the nanometer scale and cooling rate above 10’K/ps,
which is more difficult by experiments.

Corresponding Author :
Email: sunil@nmlindia.org

J. MET. MATER SC., Vol. 63, No. 3-4, 2021 11



Sunil Kumar, Suchandan Kumar Das, and Sheuli Hore

Atomic/molecular modeling and mathematical analysis also have used to study the rapid solidification [19-35]
by few research groups. They have studied the structural order formation, internal energy evolution, common
neighbor analysis, cluster formation during solidification, etc at various cooling rates. However, we also need
to study the crystal structure formation, detection of crystal defect, mass diffusion, thermodynamics of cluster
formation in rapid cooling process for a complete study of aluminium metal. Some recently published article
has explained structure order formation in aluminium metal during rapid cooling process by Hou et al.[19].
They have used a wide range of cooling rate (10" to 10"K/ps) to study the short — range ordered structure in
aluminium by using MD simulation. They have found that the cooling rate influence the microstructure only
near the liquid—solid transition temperature. They have found mostly two type of structure icosohedral and face
centered cubic during fast and slow cooling rate. However, they have not discussed about mass diffusion and the
dynamics of the solidification or liquid formation. Some other research groups [20] have also shown that the FCC
and metastable HCP structure can co-exist depending on the cooling rate. Liu ef al. [21] have studied the local
atomic structures evolution of aluminium on different cooling rates. They have determined a critical quenching
rate at above the glass exhibits the highest structural stability. Further, in literature [54-56], recently classical
and reactive molecular dynamics simulation have applied to investigate solidification, mechanical properties and
oxidation of aluminium at nano-scale. Despite various studies of structural organization, we also need to study the
crystal defect, thermodyanamics of solidification, mass diffusion and the dynamics of solidification at different
cooling rate.

Nanoscopic motion of aluminium atoms during solidification, such as self diffusion of atoms in liquid state,
or diffusion from liquid to crystal surface is tough to measure experimentally. Though, this motion is one of
the most straight forward to visualize by MD. However, apart from visualization, this information does not
actually give one much insight into the physics of how and why atoms or molecules move. A more quantifiable
measure is essential, of which the self-diffusion coefficient is one of the most common and useful. Hence, we
study the short range ordered crystal structure, along with mass diffusion and dynamics during both cooling
of aluminium. This study will enhance our understanding on both academic and industrial purposes. We have
used large scale MD simulation to study the behavior of aluminium metal during both rapid cooling and rapid
heating. For characterization of solidification and melting process behavior, pair distribution function, center of
symmetry, bond orientational order and mean square displacement have been computed to elucidate aggregation
of atoms, crystal structure formation and solidification dynamics respectively.

2. MD SIMULATIONS

For MD simulation, We have used LAMMPS [36], VMD [37] and OVITO [38] softwares for simulation, trejectory
visualization and data analysis. The EAM force field as given by Mendelev et al. [39] is used here. The total
energy, E is given by

N-1 N N
E= Z Z (pij(rij) +ZF1‘(Pi) (1

i=1 j=i+1

pi = le’(rij) (2)

Where y (r,) is the electron density of aluminium atoms. The equation of motion of aluminium atoms can be
written as
d?r;
dt?

=F=-VE 3)
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The equation (3) is integrated at time step using velocity Verlet algorithm [40] as given in equation (4) and (5).

ri(t + At) = 1;(6) + v; ()AL + % (A)%a;(t + Ab) &)

v; (¢ + At) = v;(8) + %At[ai(t) + a;(t + AD)] (5)
Here v and a are velocity and acceleration of the /™ atom.

For the study of solidification and melting process, we have created a simulation system by placing aluminum
atoms with an ideal FCC structure (lattice parameter 4.05A) in a 3D simulation box with periodic boundary
conditions. The MD simulation framework comprises of two steps: first is equilibration and second is cooling
process. In equilibration, the temperature of system is maintained at 1173 and 273K for solidification and melting
process respectively, for 100ps to attain an energetically favorable liquid state.

The temperature of system decrease from 1173 to 273K for solidification by using a wide range of cooling rate
such as 10 K/ps, 5K/ps, 4K/ps, 2K/ps, 1K/ps, 0.5K/ps, 0.4K/ps, 0.2 K/ps and 0.1K/ps. The pressure of simulation
system is maintained at Obar for equilibration and solidification and melting step. All these temperature and
pressure parameters are controlled by Nose-Hoover thermostat and Andersen barostat which is available in open
source LAMMPS. The density and internal energy at liquid and solid state have calculated which are found to
similar to experimental or simulation published results as given in ref [19]. We stored simulation data at regular
interval during simulation for the visualization and analysis.

3. RESULTS AND DISCUSSIONS

We have discussed our results in the next three sections. In the first section, the study of evolution of various
crystal structure during the cooling process, in the second section, the thermodynamics behind the various crystal
structure and in the third section shows crystal defects.

3.1. Evolution of crystal nucleation and growth

The formation of amorphous or crystalline structure in an aluminium sample is expected to depend on the cooling
rate. To understand the morphology of the aluminium, the cooling rates have chosen from 0.1K/ps to 10Kps as
given in table 1. It is found that three different types of crystal structure have found during cooling: face centered
crystal (fcc), hexagonal close packing (hcp) and amorphous depending on cooling rate as shown in figure 1.The
initial state of all systems was at liquid state at temperature T=1173K (melting temperature of aluminium T _
=940K). In liquid state all aluminium samples show amorphous structure as given in figure 1 by white atoms. In
case of cooling rate 10K/ps, aluminium atoms unable to organize in crystal structure due to very rapid cooling.
The atoms are kinetically traps in meta-stable state and unable to form any crystal structure. However, in case of
5K/ps, 1K/ps and 0.1K/ps aluminium atoms are able to form a crystal structure which also strongly depends on
the cooling rate. In cooling rate 5K/ps, few small ordered clusters formed, but unable to grow. The ordered cluster
has FCC and hcp type crystal structure, but the majority of atoms is organized in random. In case of cooling rate
1K/ps and 0.1K/ps, most of the aluminium atoms are able to crystallize in fcc structure because slowly cooling
allow atoms to search most favorable minimum energy state. However, some crystal defect also has seen in the
form of amorphous, hcp and other type of packing of atoms. Section 3, consist the detail study of crystal defects.
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1173 600K 500K 400K 273K
(a) 10K/ps

500K
(b) 5K/ps

1173K 580K 560K 550K 273K
(d) 0.1K/ps

Figure 1. Snapshots of solidification structures under the different cooling rates (a) 10K/ps, (b) 5K/ps, (c¢) 12K/ps
and (d) 0.1K/ps. White, red, blue, and green atoms corresponds to amorphous, HCP, BCC and FCC respectively.

Table 1 Bond order parameters (BOP) for face-centered-cubic, hexagonal close-packed, simple cubic, body-
centered-cubic, liquid [45].

Geometry Q4 Q6 W4 Wé
fcc 0.19094 0.57452 -0.15932 -0.01316
hep 0.09722 0.48476 0.13410 -0.01244

sC 0.76376 0.35355 0.15932 0.01316
bee 0.08202 0.50083 0.15932 0.01316
liquid 0 0 0 0
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The variables of r- g(r) plots with temperature for three different cooling rates are shown in Figure 2. In case
of very rapid cooling 10K/ps, r-g(r) plot shows a sharp peak at around at r = 2.65A, as the temperature rapidly
decreases, the height of peak increase, which corresponds to the aggregation of atoms during the solidification
process as shown in figure 2(a). In case of cooling rate 1K/ps and 0.1K/ps, g(r) plot shows a sharp peak at high
temperature, but as temperature decreases, peaks at r > 3.00 split in many distinct peaks which indicates that the
aluminium atom form long rang ordered structure as shown in figure 2 (b) and (c). Figure 2 (d) shows the radial
distribution of aluminium structure at 273K, which have formed through various cooling rates. In all samples,
the first peak of gl found at r=2.65A, but the height of the peak is increased as cooling rate decrease, this shows
that low cooling results very close packing of aluminium atoms. However, the other peaks at r > 2.65A, splits in
multiple distinct peaks as cooling rate decreases. These distinct peaks indicating toward evolution of long range
ordered packing of aluminium atoms.

g g g
" ; —_— 17K 01K —_—T1T
10K/ps — UK 1K /ps ppli ps 1T
— SR 2 5 ——
— 45K =
% 4 —_—K ,‘Eﬁ__] 4
0 o L AL T 0 :
0 2 4 6 3 10 0
r{d)
(a) (b) (c)
8
] —0.1K'ps
o A
R
0 - J
0 2

Figure 2 Variation in g(r) of atoms during various cooling rates: (a) 10K/ps (b) 1K/ps, (c) 0.1K/ps and (d) at 273 K.

To investigate the growth of crystals, the number or atoms belong to the FCC, hcp, bec, ico and amorphous have
calculated during solidification. The amorphous and crystalline region has separated by using an interface mesh
as shown in figure 3. At very early stage of crystal nucleation, a small size cluster of atoms has seen, but as the
temperature decreases cluster size increases as given in the snapshot. The packing of atoms in the crystal has
found different such as fcc, hep, bee and ico depending of cooling rate.
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560K 550K
() (b)

Figure 3 Snapshot of crystal growth during solidification of aluminium at cooling rate 1K/ps. For clear visualization
only cluster of crystalline atoms has shown and free region belongs to amorphous atoms. White, red, blue, and
green atoms correspond to amorphous, HCP, BCC and FCC respectively.

Figure 4 shows the number of atoms belongs to fcc, hep, bec, ico and amorphous have calculated as temperature
decreases. In case of cooling rate, 0.1 K/ps, an instant growth of nucleation have found at around 570 to 550K. The
number of atoms belongs to fcc crystal increases very rapidly and simultaneously amorphous atoms decreases,
which indicates that crystal nucleation and growth occurs at around 570 to 550K. However, atom belongs in bcc,
hcp, and ico an appearing during nucleation but as the crystal grows, these atoms have disappeared. But, in case
of cooling rate, 1K/ps, gradual growth of crystal have found at around temperature, 530 to 480 K. The atoms
belong in fcc and hep increases gradually as temperature decreases, simultaneously amorphous atom gradually
decreases. In case of very rapid cooling rate, 10K/ps, atoms belong to fcc, bee, hep and ico are very minor and
fluctuate near zero as shown in figure 4c.
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Figure 4 ber of belong to different crystal packing are plotted during cooling at various cooling rates: (a) 0.1K/ps, (b) 1K/ps and (c) 10K/ps.

Global bond order parameter

The bond-orientational order parameters O4, 06, W4, and W6, used to characterize the crystalinity of aluminium
by quantitatively during rapid solidification of aluminium as given in figure 5. The numerical value of Q4, 06, W4,
and W6 at temperature 273K and cooling rate 0.1K/ps from our simulations are consistent with the standard values
as given in table II. Figure 5 shows the variation of 04 and Q6 during solidification at various cooling rates. The
numerical values of Q4 and Q6 remain roughly constant at around zero during cooling from 1173K to nearly 580K.
Further cooling, results sharp increament in numerical value of 94 and Q6 for cooling rate 0.1 and 1K/ps indicate
that atoms organization changes from amorphous to crystalline. In case of cooling rate 10K/ps, the value of both 04
and 06 remains constant near zero throughout the cooling process due to the metastable amorphous organization.
Thus the bond-orientational order parameters give a good signature of the melting transition.

0.2 0.6
Qesscagg Cosmsaan gy ——10K'ps
d 1 i | IK/pe
e 10K s 0. 1K/ps
q g
= 01 4 —'—C.H\__ps
= 0.

200 0o 1200
Tempertura(K) Tempentera(K)

Figure 5 The variation of bond-orientation order parameters during solidification of aluminum at different cooling rate (a) Q4 and (b) Q6.

Crystal defect

The dislocation extraction algorithm (DXA) [50-52] has used to characterize the crystal defect in atomic simulations.
It can identify crystal defects by continuous lines and determines their Burgers vectors. As the first step of this
method, the crystal defect regions are characterized through the common neighbor analysis (I) method. By this
method, an interface mesh is built which distinguishes the crystalline atoms from the disordered ones as shown in
figure 6. On this interface mesh, a Burgers circuit is constructed for each defect. In case for high cooling rate, 10K/
ps, aluminium structure do not form a crystal structure as given in figure 1. For cooling rate 0.1K/ps, at the stage
of nucleation, many crystal defects are found but as simulation proceeds and temperature decreases, crystal defect
slowly disappears as shown in figure 6 (a). In case of cooling rate 1K/ps, crystal defects have seen in very early stage
of nucleation but these defects grow continuously as temperature decreases as shown in figure 6 b.
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560K 550K 273K

(b)

Figure 6 Detection of crystal defect by burger vector during solidification from 1173K to 273K at a different
cooling rate: (a) 0.1K/ps and (b) 1K/ps. Screw and edge dislocation are indicated by red and green colors
respectively. Blue arrow indicates the burger vector and it is perpendicular to dislocation.

3.2. Thermodynamic analysis of crystal formation during solidification

Cooling rate controls the mobility and thermal vibrations of aluminium metal which facilitate close packing of
atoms and create clusters of atoms with the low energy region as shown in figure 7. The low energy region act
as nuclei for crystal growth. As temperature decreases these nuclei grow rapidly and form a long range ordered
structures. In figure 7, low and high potential energy atoms are shown in dark red and blue spheres respectively.
At high temperature 1173 to 580, the aluminium atoms are in amorphous state with high potential energy as
indicated by blue spheres, but as the system further cools, atoms looses potential energy as indicated by red
spheres. The aggregation of low energy spheres creates a nucleation region and its growth leads to the formation
of long range ordered structure.

The formation and growth of nucleation region, strongly depends on the cooling rate. The snapshot of the potential
energy distribution of various cooling rates is shown in figure 7 (a-d). In case of high cooling rate 10K/ps and
5K/ps, a large number of aluminium atoms reached in a low energy state as shown in randomly distributed dark
red colored spheres in figure 7 (a) and (b). However, due to very rapid cooling, the atoms are kinetically traps in
meta-stable state and unable to form any cluster for crystal nucleation. In case of high cooling rate 1K/ps and
0.1K/ps, a large number of aluminium atoms reached in a low energy state and subsequently aggregates and form
a cluster of atoms which act as crystal nucleation as shown in figure 7 (¢) and (d). As the system temperature goes
down, size of cluster grow very rapidly and form a long range ordered structures.

18 J. MET. MATER SC., Vol. 63, No. 3-4, 2021



Evolution of Nano-crystalline Structures in Aluminium under Rapid Solidification using Molecular Dynamics Simulation

e . 1
Potential energy (a\viatom) Potential energy leviatom} Priential energy (eV/atomn)
+3 b4 .33 3 34 Bk el Rl
1173 600K 500K 400K 273K
(a) 10K/ps

B

R e
Potential energy [eViatom) Potential energy [eWiatom)y Potertial energy (eViatom)
3 34 . .- -3 4 - 12l - *_ RER

Patential enargy (eViatom)
-3, 24 I _ L]

Patential energy |eNiatom)
3,34 I -3 5l
1173K 600K 500K 400K 273K
(b) 5K/ps

P g 13 r“"“’.’f?.""'_""":"".ﬁ" e m?’;‘i”—’.“-"‘-“' e e e Tt
1173K 560K 550K 500K 273K
(c) lkps

4 i ki i Potentisl o (v iktam) Polential @b terdial e Ao
P:-lll:':';.‘a:urﬁw l::.'.-_:\_i‘-zml p'ﬂ-'i'-lr:_.'ilfﬂ-l“"-!flh 'I;u'_lﬂ-ﬁi‘"? Il'__*-'l'-f'“-'":li' -H1 ot i;';;:_"'ﬂ"\l'r :-'_I o ﬂb'e:rf:ﬂ-e-'-e l:!-'_lﬁl_l vk
1173K 580K 560K 550K 273K
(d) 0.1K/ps

Figure 7 Potential energy evolution of each atom at various cooling rates (a) 10K/ps, (b) 5K/ps, (c) 1K/ps and (d) 0.1K/ps,
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Average energy

Figure 8 and 9 shows the effect of cooling rate on the potential energy per atom during the solidification process
of aluminium. The potential energy of aluminium linearly decreases with the decrease in temperature for the
amorphous state for highest cooling 10K/ps. Meanwhile, potential energy of aluminium atoms for slower cooling
rate, gradually deviate from the linear relationship with temperature at around 650K due to crystal nucleation and
growth at cooling rate < 5K/ps. The temperature of nucleation and its growth where the potential energy begins
to sharply decrease, increases with the decrease in the cooling rate. The effect of cooling rate on the energy curve
appears only after the nucleation of crystal. At 273K, the energies of solidification of aluminium at different
cooling rates do not reach the same value. The low potential energy of aluminium atom found at a very slow
cooling rate.

Potential energy (eV/atom)

&73 873 1073

Temperature (E)

273 473

Figure 8 Effect of temperature on the potential energy of aluminium atoms during solidification at various cooling rates.

Cooling rate = 0.1K/ps

Cooling rate = 1K 'ps Cooling rate = 10K/ps

3000

4000

Number of ahiminium  atoms
Number of aluminium  atoms
R
MWumber of alwmnium  atoms

: 34 32 30 28 26
34 32 30 28 26

il 2 Potentiall energy (¢V/atom)

Potential energy (ev/atom)

(@) (b) (©)

Figure 9 Potential energy distribution of aluminium atoms during solidification at various cooling rates: (a) 0.1K/ps, (b) 1K/ps and (c) 0.1K/ps. Red
colored histogram indicates the early stage of nucleation during crystal growth.
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3.3. Dynamics of solidification process

The dynamics of the system has been studied using mean square displacement (MSD) of the aluminum atoms is
shown in Figure 10. The MSD at a cooling rate of 0.1K/ps is expressively higher than the MSD at a cooling rate
of 1 and 10K/ps, indicating the thermal motion and rearrangements of the atoms is higher at the lower cooling
rates. It is also showing that high thermal motion and rearrangement facilitate crystal nucleation and growth. In
contrast, at the comparatively high cooling rates, i.e. 10 K/ps, a metallic glass structure formed due to the less
thermal motion and rearrangement of atoms. Nano-scopic motion of aluminium atoms during solidification,
such as self diffusion of atoms in liquid state, or diffusion from liquid to crystal surface is quantitavely evaluated
through diffusion coefficient. The numerical value of diffusion coefficient of our simulations is found nearly
similar to reported experimental data [53] as given in table 2.

E+4 =3

3E+2
4 i
X = _ =
= 1E+4 1 01K ps = IE=3 1K /ps = IE+2 1 10k /ps
Z = =
0E~) @ . (E+0 & . T T (E+0 9 T
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(a) (b) (c)

Figure 10 Mean square displacement of aluminium atoms during solidification at various cooling rates: (a)0.1K/ps, (b) 1K/ps and (c) 10K/ps.

Figure 11 (a-c) shows, the time dependent diffusion coefficient aluminium at different cooling rate. At cooling rate
0.1K/ps, diffusion coefficient decrease as the simulation time increases due to solidification of aluminium atoms,
but at the nucleation of crystal it shows sudden drop and then become nearly zero. Sudden drop to a negative
value, comes due to attractive nearest-neighbor lattice packing at crystal nucleation and growth. In general, the
negative diffusion coefficient is showing the process of increasing concentration or cluster formation as opposed
to diffusion. In case of very rapid cooling, the diffusion coefficient gradually decreases as the simulation time
increases during solidification which indicates that thermal motion of aluminium atoms slowly decreases and
does not involve any structural changes.

Figure 11 (d) shows, the variation of the diffusion coefficient with temperatures during the solidification process
at various cooling rates. The plot is indicating that the diffusion coefficient strongly depends on the cooling rate.
It is gradually decreasing as temperature decreases for very rapid cooling rate, 10K/ps and not seen any abrupt
change. But, in case of 0.1 and 1K/ps, it decreases during cooling and shows a sudden dip at around 550K (for
0.1K/ps) and 510K/ps (for 1 K/ps) due to crystal nucleation.
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Figure 11 Diffusion coefficient of aluminium atoms during solidification at various cooling rates: (a) 0.1K/ps, (b)
1K/ps and (c) 10K/ps and (d) diffusion coefficients vs temperature plot at different cooling rate.

Table 2. Aluminium self-diffusion coefficients measured by MD simulation at cooling rate 0.1K/ps and its
comparison with reported experimental data[53].

F MD simulati .
rom out Stmuaton Reported experimental data

Temperature (K) (coohn(glgeg:ren 2=S (1)) 1K/ps) (10°m?s ")
980 6.45 72 £0.6
1020 7.03 7.9+0.7
1060 7.76 8.8+0.7

4. CONCLUSION

The MD simulation method has used to explore the effect of cooling rate on the crystal nucleation and its growth.
Themodynamic analysis, MSD and diffusion coefficient have used to describe the thermal motion of aluminium.
The proportions of locally ordered organization such as fcc, bec, hep, ete. of aluminium atoms depend on the
cooling rate. For cooling rate 0.1K/ps and 1K/ps (cooling from 1173K to 273K), an fcc crystalline solid aluminium
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is formed during cooling. But for cooling rate 10K/ps, an amorphous aluminium metal is formed at 273K. The
dislocation extraction algorithm (DXA), consists of dislocation of the boundary and Burgers vectors have used to
characterize the crystal defect in solidification of aluminium. For cooling rate 0.1K/ps, at the stage of nucleation,
many crystal defects are found, but as temperature decreases, crystal defect slowly disappears. In case of cooling
rate 1K/ps, crystal defects have seen in very early stage of nucleation but these defects grow continuously as
temperature decreases. The thermodynamic analysis behind the origin of crystalline and amorphous aluminium
has studied. The face center crystal, fcc, structure of aluminium is a most favorable energy state. Amorphous
aluminium is an energetically unfavorable metastable state. Diffusion coefficient decrease as the solidification
proceeds, but at the nucleation of crystal, it shows a sudden drop to a negative value and then become nearly zero.
Sudden drop to a negative value, comes due to attractive nearest-neighbor lattice packing and crystal nucleation
and its growth.
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Abstract : Graphene based paint has tremendous potential to protect metal in saline environment, owing to
impermeable nature to all corrosive ions. The demand of graphene coating is increasing by leaps and bounds
owing to its attractive features. In this review paper, the recent progress of graphene-based paint against corrosion
is discussed in details. At the beginning, the corrosion protection mechanisms of metal surface with different
types of coating materials such as graphene oxide, reduced graphene, graphene nanoplatelets, and graphene
nanocomposite have been presented. In addition, market status of graphene paint and coatings have also been
discussed. Subsequently, the discussion has been made on the composition and production protocol of graphene
based paint with a special reference to dispersion method. Types of coating in terms of graphene metal matrix
composite coatings, graphene polymer matrix composite coatings and graphene composite coatings for corrosion
protection of various metal substrates have been reviewed in details with a future outlook.

Keywords : Corrosion, graphene oxide, reduced graphene, polymers, dispersion, Graphene nanoplatelets

I. INTRODUCTION

Corrosion is an irreversible and diffusion-controlled process in which metals deteriorate naturally which occurs
due to electrochemical or chemical reactions [1]. It is one of the world’s most significant challenges [2]. There
are various factors that dominate the rate of metal corrosion including metal properties towards contaminated
chemicals, concentration and type of pollutants in the atmosphere, temperature, humidity and type of corrosion
products. The rate of corrosion in a given environment can be determined thermodynamically using the free
energy equation; AG = -nFE, where n is the number of electrons involved in the reaction, F is Faraday’s constant
(F = 96500 C) and E is the electrode potential of metal. Based on the underlying mechanism, most corrosion
can be classified into the following forms; uniform corrosion, intergranular corrosion, pitting, selective leaching,
crevice corrosion, erosion corrosion, stress cracking and galvanic corrosion. Uniform corrosion is the most
common type of corrosion, in which the thickness of metal uniformly gets reduced. Ultimately, the metals fail.
Intergranular corrosion is a form of corrosion caused by depletion of elements at and near grain boundary areas.
As a result, the cohesive forces between the grains become weak. For example, when stainless steel is heated
for a longer time, chromium has dwindled in the grain boundary area resulting in intergranular corrosion. Pitting
corrosion is a type of localized corrosion in which pits appear in metals. It is frequently observed in the passive
film where small holes or cavities exist. The rate of corrosion accelerates as the damaged area becomes the anode
and the passivated area becomes the cathode. Crevice corrosion occurs mainly within crevices and other shielded
areas due to concentration differences of ions or dissolved gases between two regions of the same metal section.
Erosion corrosion is a natural process that occurs when there is a relative motion between the metal surface and
the respective fluid media. It generally occurs in piping. In stress corrosion cracking, small cracks are formed due
to the presence of tensile stress and corrosive medium, which propagates normally to the stress. On the other hand,
galvanic corrosion is electrochemical corrosion due to dissimilar metals and electric currents. When different
kinds of metals are electrically coupled while exposed to an electrolyte, reduction and oxidation occur. The more
reactive metal gets corroded. So, the type of corrosion responsible for the deterioration of metal is dependent
on the exposure environment and the physical and chemical properties of metals. It may happen that more than
one number of mechanisms can also lead to corrosion-driven failure of metals. Therefore, the understanding of
different forms of corrosion is very important while developing the corrosion preventive measures of metals.
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To avoid corrosion losses, industries are being paid attention to developing high-performance paints and coatings.
As per the report of the World Corrosion Organization, the estimated corrosion-driven damages of steel structures is
around $ 2.5 trillion every year, which is 3-4% of the global GDP. Due to corrosion, capital costs are also suffering
and also decrease the lifetime of manufacturing equipment [3]. According to a study, corrosion management and
corrosion management practices can result in saving 15% - 35% ($375-$875) of the cost of damage globally. In
figure-1, different strategies for the protection against corrosion have been given. Corrosion has affected our daily
lives directly and indirectly in some other ways. Furniture, metal tools, automobile body panels, etc. are being
corroded which causes some amount of loss. In fact, when metals get corroded either it collapses or breakdown
which can lead to accidents or even a threat to human life. Further, oil-pipelines break and chemical pipelines
leak due to corrosion. Corrosion is also harmful to human health affecting the human digestive tracts, respiratory
tracts, eyes and skin, and causes various diseases. The biological system is also adversely affected due to corrosion.
When water bodies come in contact with corroded metals and mix with water bodies affects their living. Also, the
air becomes polluted. Corrosion also leads to many plants shutting down. Therefore, the massive loss triggered by
metal corrosion in industrial sectors is a major challenge. Therefore, corrosion protection measure of metal is useful
to prevent financial losses, accidents, various diseases caused due to corrosion and environmental hazards [4].
Corrosion has an obvious effect on the metallic surface, strength, appearance, and efficiency. The economic impact
due to the corrosion of metals has stimulated the development of considerable corrosion preventive strategies
as metals are used in each field. Among various existing corrosion control strategies protective coatings are
gaining popularity around the world due to their ease of production and superior protection. [5-7]. At present day,
nanotechnology has introduced nanocoatings, which have a lot of promise in advanced engineering systems. These
nanocoatings provide electrically or chemically impermeable coverings on metal surfaces and have customized
functionalities such as anti-corrosion, self-repairing, wear and abrasion resistance [8-9]. Rathish et al. has suggested
that nano-coatings can increase the effectiveness of protection and create a bulwark against corrosive ions [10].
Adhesion of coatings on the metal surface also plays a crucial role in corrosion shielding. Indeed, epoxy resin
coatings are extensively employed due to their flexibility and superior adhesion to a wide range of surfaces. Jiang
et al. evaluated the adherence and corrosion resistance of epoxy coatings amalgamated with two types of silane
agents, namely, gamma-amino propyl trimethoxy silane and bis-1,2-(triethoxysilyl) ethane. The cross-linkage of
epoxy coatings and the chemical bond at the coating and metal interface is effectively reinforced [11-12]. Many
reports suggest that the electrochemical reaction rate of nanocoatings is strongly influenced by their grain size.
Mishra et al. presented the corrosion activity of nanocrystalline nickel of grain sizes (8—28 nm) and observed that
smaller grain size of nickel possessed greater breakdown potential than bigger grain [13]. In addition, the corrosion
rate decreased with increasing the grain size.
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Fig. 1 Different strategies used for corrosion protection worldwide
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Currently, several paint formulations have been developed to slow-down the corrosion-driven damages of structural steels.
Among them, the paints containing heavy metals (Zn, Chromate or Lead) are efficient barriers for the protection of steel in
a highly-corrosive environment. However, these heavy metal based paints are not eco-friendly paints due to the toxic nature
of these heavy metals. In contrast, graphene (, an allotrope of carbon) based paint is an ultimate choice for durable rust-
preventive coatings due to the following reasons; (a) graphene is impermeable to all the corrosive ions, (b) it improves the
mechanical strength and water repelling properties of the coating and (c) it enhances the dissipation of the corrosion-induced
current of the coating due to its high-conductivity that becomes harder for the acidic component to attach the steel surface.
This review focuses on the usage of graphene for corrosion protection.

2. GRAPHENE : A VERSATILE MATERIAL

In 2004, graphene was discovered for the first time by Andre Geim and Konstantin Novoselov. They were
rewarded with a Noble prize in physics in the year 2010 for the discovery of the wonder material. Graphene
is a carbon allotrope, a single sheet of sp? bonded carbon atom that form a compactly packed hexagonal 2D
honeycomb lattice. The sp? bonded carbon atoms forms a plane with a molecular bond dimension 0.142 nm.
Graphene is exfoliated from graphite (stacked layers of graphene with an interplanar distance of 0.335nm) by
disturbing the van der Waals force present in between the graphene layers. Graphene is the sleekest material
known to the human world till date. It has unique structural, electrical and mechanical properties which are
generally due to 2p orbitals which form mstate bands [14]. It is also light weight material with 1 mm? weighing
0.77mg and a high surface area (2630 m?/gm). Graphene is considered to be the most robust substance known
to the world (200 times sturdier than steel) due to its strength, stiffness and toughness caused by the stability of
sp? bonds. The experimentally evaluated young’s modulus is 1TPa with an intrinsic tensile strength of 130GPa
and the thickness of graphene is around 0.345 nm. It has high thermal conductivity (5000 W/mK), zero effective
mass, impermeable to gases, and high electron mobility (250,000 cm?/V s at 25°C) [15]. It has a wide range of
applications due to its distinctive electronic and thermal properties. Studies have demonstrated that it can conduct
current even at zero carrier concentration due to the atomic arrangement of carbon. The valence band and the
conduction band merge at a point which is known as Dirac point due to which it is a zero-gap semi-conductor.
Graphene used for coating gives a light weight coating and has the ability of resistance to oxidation. Water
molecules and diffusion of oxygen on the surface of metals are prevented by graphene by creating a highly
tortuous path. Graphene at the metal electrolyte interface also helps to prevent charge transfer [16]. Owing to
the outstanding properties of graphene, several methods have been developed for the production of graphene. In
table-1, the recent market status of graphene paint and coatings with the involved industries are outlined.

The problem with good quality graphene is that it is expensive. As a result, the price of graphene made of
products increases several folds. Therefore, researchers have focused to develop the scalable and cost-effective
processes for the production of defect free graphene. Besides, graphene would be suitable for the production of
well-dispersed graphene paint. In the recent past, several potential mass production synthesis methods have been
developed for the production of graphene. Some notable methods are; the plasma method has been developed for
the production of high quality graphene on large scale. The authors demonstrated that the layers from graphite
are separated when the high energetic ions hit the surface [17]. Further, Lee et al reported large scale (2 kg /
day) continuous production method for reduced graphene oxide (rGO). The produced rGO exhibits electrical
conductivity of 660 S /m and a BET surface area of 400 — 600 m?%/g [18].

3. GRAPHENE POTENTIAL AS CORROSION PROTECTIVE COATINGS

Recent past so many materials that are used for corrosion resistance coatings. Compared to these coating materials,
graphene paint and coating have higher potential to show corrosion protection in saline environment. Different
forms of graphene such as graphene oxide (GO), reduced graphene oxide (rGO), graphene nanoplatelets (GNP)
and graphene nanocomposite are being used in the paint and coating. Among them, GO is widely used for corrosion
protection in metals. The oxygen groups of GO enhance the bonding of coating with the metal substrate. It is
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also observed that the performance of polymer coating is improved when the GO is distributed homogeneously.
So, the oxygen functional groups become handy to control the interactions through hydrogen bonding in order
to agglomeration free graphene sheets. However, the high amount of polar oxygen functional groups such as
hydroxyl, epoxy and carboxylic groups can facilitate hydrolysis. Consequently, it shows an adverse impact on
the coatings. Therefore, one has to optimize the type and amount of oxygen functional groups of GO while
using in the paint and coating for corrosion protection. The oxygen functional groups become useful for grafting
with organic and inorganic polymers. In the recent past, there are many reports that demonstrated grafting of
GO. Polyacrylate functionalized GO decreased the corrosion rate of epoxy coating almost three times [19].
Again the GO grafted polyaniline filler increases the hydrophobicity that leads to an increase in the corrosion
resistance of epoxy coating in saline water [20]. Further, the addition of 0.5 wt.% GO grafted polypyrole filler
increases the corrosion resistance of epoxy resin [21]. They have also discussed that the amino functional groups
of polypyrole increase the crosslinking density of polymer that leading to a decrease in the micro-pores density.
Hence, GO-polypyrole filler enables to increase the barrier effect of coating significantly. Also, tensile toughness
is enhanced by the incorporation of GO in epoxy coating. In acidic media, it has a negative charge due to which
it is an excellent cation absorbent and smart nanocomposite in the acidic medium as well as anticorrosive layer.
This study also suggests that the size of GO sheets determine the barrier property i.e. smaller the sheet, higher
the barrier property [22]. Baker et al. studied the size dependent corrosion protection efficiency of GO sheets
[23]. Based on the electrochemical impedance data, they argued that smaller graphene oxide sheets have higher
activation energy for water diffusion. As a result, the penetration rate of water through the coating containing
smaller graphene sheets is significantly reduced.

In addition, reduced graphene oxide (rGO) is also used in the paint for corrosion protection. The rGO sheets are
prepared by using suitable reducing agents. Though the reducing agents of GO are efficient to remove the oxygen
functional groups, they also produce lots of defects. However, defect free graphene sheets are desirable to achieve
high performance of graphene paints and coatings. Hydrazine, hydrogen iodide and ascorbic acid are widely used
reducing agents for the preparation of rGO chemically. Some researchers reported that hydrogen iodide produces
low defect density rGO sheets. Su et al. reported that rGO film produced using hydrogen iodide reducing agent is
an efficient barrier to all gases, liquids and aggressive chemicals including hydrogen flouride [24]. They explained
that the reducing agent converts the oxygen functional groups into H,O, therefore, no structural damage occurs
during the reduction. The thermal reduction also transforms GO to rGO. A mild amount of rGO was added to

Table-1 Recent market status of different companies using graphene

Company Country Product

Applied Graphene Materials U.K. Graphene incorporated water based coatings
The Sixth Element Materials China Graphene-Zinc based primer
Graphenano Spain Graphene based paints

Talga Resources Ltd Australia Graphene coating

The British Electro Conductive Products U. K. Graphene based conductive coating
Garmor Inc. United states  Graphene oxide based coatings
Rusgraphene Russia Graphene - epoxy based paints

Tata Steel India Graphene paints

Global Graphene Group United states ~ Graaphene coating

Nanoxplore Canada Graphene based paint

polyurethane (PU) matrix which leads to good physical barrier to corrosion [25]. Researchers also used MoS -
rGO composite modified with propytrimethoxysilane and MoS,-rGO/epoxy composite coating for corrosion
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protection applications [26]. Graphene nanoplatelets (GNP) are another form of graphene is made up of tiny
heaps of graphene sheets and has 3-10 nm thickness. These graphene nanoplatelets have dimensions of about 100
nm to 100 microns. These GNP’s have more than 99 % of carbon content and oxygen content is less than 1%.
These GNPs help in decreased permeability and also decreases the diffusion coefficient which is helpful in various
applications. X. Cao et al. used GNPs in zinc rich epoxy coating for better corrosion barrier performance. It acts
as an oxygen and hydrogen barrier and helps in good electrical conductivity of the coatings on a steel substrate.
The Zn-GNP-Zn network acts as better anode corrosion prevention [27]. Graphene based nanocomposites limit
the rate of gas diffusion at the metal coating interface. Thus, reduces the cathodic oxygen reduction rate and also
reduces the vertical oxygen diffusion. Kirkland et al. revealed the theory in accordant with the diffusion hindering
effects of graphene based nanocomposites in composite layers [28]. Yu et al. described that graphene-based
polyaniline can provide corrosion protection as it behaves as a gas barrier [29]. The integration of a unique 2D
structure with polymer matrix also makes the coating a desirable platform for preventing corrosion, mechanical
wear and abrasion, heat or radiation loss, fouling, and bacterial infection [30-31].

Graphene has been also explored for corrosion protection film in biological environments. W. Zhang et al has
shown astounding results of graphene coated Cu foils implanted in living body for corrosion inhibition. The
cell viability test results demonstrate the effective performance of graphene in reducing the toxicity of Cu by
corrosion inhibition [32]. Graphene based thin films have been also reported to provide a protecting layer while
functioning as lubricants to minimize surface wear by getting adsorbed by the frictional surface. [33]. Its stability
is the reason for it working as an excellent anti-oxide and anti-corrosion layer on metal surface. Graphene used
for coating gives a light weight coating and has the ability of resistance to oxidation. Water molecules and the
diffusion of oxygen on the surface of metals are inhibited by graphene by creating a highly tortuous path. It acts
as a blocking shield on the metal surface to the passing of gas molecules. The hexagonal 2D structure of graphene
is an important aspect of the impermeability of other molecules [34]. There are various corrosion protection
mechanisms like barrier protection, sacrificial protection, electrolytic inhibition, anodic passivation, etc. based
on which the anticorrosive coatings are categorized. Graphene and its derivative based coatings are classified as
barrier protective coating because the exfoliation of graphene sheets is a mandatory procedure in forming films
over the metal surface. In the barrier protection mechanism, the coating acts as a shield at the coating - substrate
interface and restrain the passage of electrolytic ions into the metal. The degree of dispersion of graphene sheets
plays a vital role. When the graphene sheets are well suspended in the matrix it acts as an efficient barrier
layer at the interface. But sometimes, the lipophobic nature of the graphene induces corrosion. Therefore, the
functionalization of graphene proves to be an important step for the production of efficient barrier coatings. Zheng
et al. has shown the difference between barrier protection mechanisms of modified and unmodified reinforced
graphene epoxy coatings. When the GO/EP coating was exposed to a corrosive environment, the electrolyte
molecule got accumulated at the interface, thereby forming defects that further played the role of diffusion
channel. Whereas on incorporating functionalized GO in the epoxy coating, the conversion of hydrophilic GO to
lipophilic GO aided in better barrier properties [35]. Ramezanzadeh et al. has explained the corrosion protection
mechanism of covalently grafted GO sheets with polyimide (PI) chains. The functionalization of the binding
sites on GO with PI upgraded the interfacial interactions among graphene sheets and PU matrix. The interpolated
PI-GO sheets boost the tortuosity in the path of electrolyte. Along with the coating-substrate interface the PI-GO
layers deterrent the diffusion of electrolytes through the parallel directions among local anodes and cathodes [36].

Various factors like adhesion, wettability, electrochemical parameters have an impact on corrosion protection
properties of graphene coatings in many ways. Many papers discussed the dependence of corrosion protection
of graphene coatings on bonding to the metal surface. Abakah et al. has claimed better adhesion of graphene
nanoplatelets incorporated epoxy coatings than neat epoxy coating with 9.6% coating loss in pull-off test
studies. Adhesion of coating to a substrate determines the strength of the coating [37]. Water absorption on the
coating surface implies poor corrosion protection ability. Water uptake can be measured by two methods namely
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the gravimetric technique (weight variation on exposure to atmosphere) and capacitive technique (change in
electrical capacitance over long-term exposure to aqueous environment) [38]. Aneja et al have recorded that
the addition of graphene drops the water uptake. Decreasing the amount of water absorbed is an indicator of the
ability of a graphene-modified coating to provide a tortuous path [39] or industrial application the motto is to
obtain defect free coating. The pore resistance is inversely related to defect concentration. Zhou et al. found in
their electrochemical studies that graphene/epoxy coatings with high pore resistance (1.21x10° Qcm?) have low
defects which enhances corrosion protection potential [40]. Coating capacitance is a measure of determining
defects in the coating surface. Defect-free coatings are highly protective. Aneja et al. reported high conductivity
(5 Sm™) of graphene coating which may also offer an alternate path for ions, discharged at the anode to travel,
thereby delaying the overall corrosion process. [41]. In coatings usually, cracks are induced and move through
the grain boundaries. However, graphene incorporated coatings have the least amount of cracks due to the layered
structure. Graphene structure in a coating depends on its dispersion in the matrix chosen. The next section briefly
describes the dispersion of graphene in various ways.

4. METHODS FOR DISPERSION OF GRAPHENE IN MATRIX

Graphene has very good chemical, physical and barrier properties, but it has a very low dispersibility. Thus, for
widening its application in various fields, the problem of dispersibility is solved. Different ways are used for the
dispersibility of graphene are: physical dispersion methods, covalent bonding methods and non-covalent bonding
methods [42]. Some tips must be followed for dispersion methods which are: (a) the type, position, and amount
of the binding materials on graphene needs to be controlled, (b) the processing effect on matrix materials and
graphene must be minimized, (¢) unwanted components must be removed and (d) should be cost-effective for
large scale production.

4.1 Physical dispersion methods

For even distribution of graphene to obtain anti-corrosion coating, it is mixed in steps and then blended. Fig 6
briefs the exfoliation of graphite to obtain graphene sheets through various ways. The polymerization method is
used in which graphene is added with the monomer of resin. The dispersion methods include unmodified simple
mechanical dispersion and conventional wet transfer dispersion. Stirring or ultrasound is used in the conventional
mechanical dispersion route to disperse graphene directly, without any modification, but this showed difficulty
in compatibility. However, this method is acceptable for graphene oxide [43] and could be used for corrosion
prohibiting coatings, as the carboxyl and epoxy groups are present on the surface. Chang et al. explained that due
to the principle of impermissibility and similarity, the resins having the same functional groups owns compatibility
with the oxidation groups and carboxyl. In unmodified wet transfer dispersion, firstly, the graphene is dispersed
in water. After dispersing graphene in water, with the help of extraction and evaporation, it is then transferred
to resin. [44] In the case of GO, with the help of the wet transfer method, it is extracted directly from aqueous
dispersion into epoxy resin. The extraction process is done by the addition of triglycidyl-p-amino-phenol to
bisphenol-A epoxy resin. In the formation of a graphene/epoxy dispersion system, phase transfer agents simplify
the stages of agitation, temperature, and energy consumption. This method is stable in dispersion and very less
time consuming [45].

4.2 Covalent bonding methods

This method of dispersion is most widely used at present as it is carried out by using 3 aspects of small organic
molecules, polymers, and inorganic nano-oxides. Using small organic molecules, graphene is modified by mixing
oxygen containing groups and small organic molecules. The organic molecules include silane coupling agents,
titanite coupling agents, isocyanate, thionyl chloride, etc. This takes place with the help of covalent interactions
on the surface of GO. The silane coupling agent (EPTES), forms Si-OH bonds on decomposition. EPTES, on the
surface of graphene, is covalently bonded to an active oxidation site. EPTES modified GO along with epoxy resin
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shows improved compatibility as a number of epoxy groups of EPTES is directly proportional to compatibility
modified graphene/epoxy resin, which leads to good dispersion results [46]. Titanate coupling agent also used
to modify graphene, showed excellent stability in aqueous dispersion for several weeks. GO, GO-Ti and Nano-
Ti particles could be dispersed in epoxy resin using ultrasonic dispersion [47]. Li et al. explained that the
coating, with waterborne polyurethane shows good barrier properties for corrosion protection [48]. At present,
the dispersion of graphene using polymers is more considerable. In polymers, its structural parameters can be
altered which helps the graphene by providing useful properties. The properties include ductility, toughness,
etc. by altering the function and type of the polymer [49]. In epoxy resins, the polymers which can be used for
dispersion include polyaniline, polyvinylpyrrolidone by mechanical stirring, and aniline trimmer. Fully-oxidized
polyaniline was used to modify GO. After that modified GO, with the help of mechanical stirring was dispersed
in polyvinyl butyral resin uniformly [50]. Graphene modified with polyvinylpyrrolidone is dispersed in epoxy
resin. This enhances the anti-corrosion ability of epoxy resin with good adhesion. The mechanical and thermal
property of epoxy resin coating is enhanced which is useful for corrosion protection [51]. GO surface modified
with sulfonated aniline trimmer (sulfonated with 3-aminobenzenesulfonic acid) was dispersed in epoxy resin.
Sulfonated aniline trimmer and graphene oxide have a synergistic effect and this makes the dispersion easy. The
solvent property of sulfonated aniline trimmer shows excellent compatibility with epoxy resin and enhances
the anti-corrosion ability of epoxy resin coating. [52] Yu et al. explained that dispersion of graphene oxide is
enhanced by the formation of a chemical bond between vinyl-grafted graphene oxide and styrene monomer in a
polystyrene matrix. This material was used for corrosion protection coating and it enhanced the anti-corrosion
ability. He also discussed about the graphene sheets which were water dispersible. Carboxylatedoligoanilines
were used to stabilize these graphene sheets. These were used for corrosion protection coatings [53]. Yeh et al.
reported that polyaniline with graphene used for coating leads to excellent corrosion protection. Better dispersion
of graphite was shown by 4-aminobenzoyl group functionalized graphene sheets [54]. The use of inorganic
nano-oxides for dispersion of graphene for corrosion protection coating is also considered a promising method.
Chemical bonding takes place for modification GO with inorganic nano-oxides. GO-ALQO, hybrid with epoxy
shows excellent corrosion barrier property. 3-aminopropyltriethoxysilane is used to anchor AL,O, on GO sheets
and then the GO-ALO, hybrid was dispersed in epoxy matrix. It was dispersed uniformly in epoxy resin [55].
TiO,-GO hybrids dispersed in epoxy resins show anti-corrosion properties. TiO,, with help of (3-aminopropyl)
trimethoxysilane (APTS) was synthesized on graphene oxide sheets and was dispersed in the epoxy resin [55].
SiO, is anchored with the help of 3-glycidoxypropyltrimethoxysialne and 3-aminopropyltriethoxysilane on GO
sheets. Then, this SiO,/GO is dispersed into epoxy resin and this showed enhanced corrosion protection ability
[56]. Graphene is modified with 4-aminobenzoic acid and then a covalent bonding, as well as polymerization
takes place with the aniline monomer to form graphene/polyaniline. This graphene/polyaniline is used for coating
as it acts as a barrier for oxygen and water, hence acts as an excellent corrosion protective barrier [57].

4.3 Non-covalent bonding methods

Dispersion of graphene also becomes stable by modifying the surface with the help of non-covalent bonding
methods such as m-w interactions, ionic bonding, and hydrogen bonding. Li et al. described Ionic bonding help the
graphene oxide to dissolve in water, as there is a negative charge in the surface carbonyl of graphene oxide. Thus,
a stable colloidal solution is formed due to the repulsion of negative charges. Thus, by controlling the reduction
process, carboxyl ions are retained and get good dispersion of graphene in water [58]. Electrostatic adsorption
was used to disperse GO in the aluminium powder and anionic surfactant without the use of any chemical
catalysts. Then, with the help of sintering method, GO/AL O, composite was prepared. Then, graphene was mixed
with the sodium polyacrylate (anionic surfactant) and this mixture showed an excellent dispersion in water and
can be used in water-borne epoxy coatings [59]. Dispersion of graphene can also be done by n-m non-covalent
interactions. m-m non-covalent interactions give excellent dispersibility of graphene with the same conjugated
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structure. It absorbs the organic molecules on the graphene surfaces. Molecules that have conjugated structures
with the plane and aromatic rings have good dispersion of graphene. Hence, these graphene-based epoxy coatings
also show good anti-corrosion properties. Poly (2-butylaniline), a dispersing agent, was immersed on the graphene
surface. Then P2BA was mixed with graphene and ultrasonicated. A stable dispersion was obtained due to non-
covalent m-m interactions between graphene sheets and P2BA. Then, by curing the reaction of P2BA/GO, epoxy
resin, and amine hardener, graphene sheets were integrated with the coating matrix. [60] Corrosion protection
property of epoxy coating, with 3, 4, 9, 10-perylene tetracarboxylic acid and graphene is enhanced. PTGA was
added to graphene and ultrasonicated. Due to n-w interactions between PTGA and graphene, PTGA was absorbed
on the graphene surface and showed good dispersion of modified graphene in epoxy resin [61]. Igbal et al.
explained the dispersion of graphene in polyethylene. Polyethylene, graphene, and oxidized polyethylene with
the help of the solvent blending method were mixed. Polyethylene was blended with oxidized polyethylene to
enhance the dispersion of graphene in polyethylene [62]. Graphene oxide forms hydrogen-bonding interactions
with various substances. as a large number of —-COOH and -OH groups are present. Therefore, the dispersion
of graphene is improved as it does not change the molecular structure. Li et al. using the method of solution
blending, dispersed, graphene oxide in thermoplastic polyurethane. Thus, due to the presence of hydrogen bonds,
graphene is uniformly distributed on the polyurethane matrix. Then, in-situ thermal reduction method was used
to reduce graphene oxide nanosheets in the composites [63]. The surface of graphene oxide was absorbed by
the doxorubicin hydrochloride under no light and ultrasonic surroundings. This was mainly due to the existence
of the hydroxyl group in graphene oxide and also in the doxorubicin hydrochloride [64]. A highly efficient
dispersant, vitamin B,, namely FMNS (flavin mononucleotide) is used in the preparation of aqueous dispersions
of a few layers of graphene flakes which are defect free. FMNS is used for graphene colloidal dispersion and inks.
This process is done with the ultrasonic exfoliation of graphite powder. Due to the presence of hydrogen bonding
interactions between the graphene and FMNS, a stable dispersion of graphene is observed during the process of
ultrasonic stripping of graphene sheets. [65] Chemical plating is one of the dispersion methods in which graphene
surface is chemically plated. The surface of graphene is firstly coated by some metals and then combined with
other metal matrix. In this process, metal ions are reduced to metal atoms in the solution and deposited on the
surface of materials. However, chemical plating cannot be used with every material, only materials which have
autocatalytic properties can be chemically plated. Graphene nanoplates do not have catalytic properties. Thus,
activation and sensitization are performed. This is the process in which chemical plating is possible in graphene
if some catalytical property particles are absorbed on the surface of graphene [66]. Graphene was dispersed in
water by stirring and ultrasonication. Using the electroless plating method, containing no reducing agent, Fe and
Fe-rGO coatings were formed on Cu substrate. The Fe-rGO coating shows better corrosion protection as it has a
dense structure owing to the plating bath in which GO is added [67].

5. TYPES OF GRAPHENE COATING

5.1 Graphene Metal Matrix Composite Coatings

This section is brief about the various graphene reinforced metal matrix composite coatings. Kumar et al. explored
the anticorrosive property of Ni and Ni-Gr composite coatings. They suggested that the introduction of graphene
in Ni metal matrix affects the crystal growth which leads to a small average crystallite size of 20 nm as compared
to 30 nm of pure Ni coating. He explained the mechanism of increasing nucleation growth and reducing crystal
growth of Ni at the Ni/Gr has a more positive shift in E__with lower I _ which shows the corrosion resistance
of Ni/G coatings. He also suggested that the insertion of graphene may lead to high mechanical strength and
hardness of the composite coating [68]. Nazir and his co-workers also investigated the corrosion behaviour of
various nickel matrix-based nanocomposite coatings. Among different metal oxide reinforced nanocomposites,
graphene was also used as one of the reinforcing elements in the metal matrix. Graphene platelets were used to
disperse in prepared Ni solution and were electrodeposited on steel. They reported that Ni/graphene coatings
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formed a very fine coating resembling glass with low porosity and least surface roughness. When the prepared
coated samples were exposed to an aggressive corrosion environment, they found that in the case of Ni/graphene
coatings there was the lowest percentage rise in grain size leading to enhance impermeability to oxygen and
electrolyte ions this was confirmed from the obtained corrosion product (0.3wt % Fe) [69]. Srivastava et al. has
presented the remarkable results of the incorporation of graphene in Cr metal-based coatings by electrodeposition.
They observed that the incorporation of graphene in the CF (Chromium coating containing Zinc-Oxide
nanoparticles deposited using formic acid) ensued in improving the topology and surface morphology of bare
Chromium coating. In their electrochemical studies, they found that CFG (Chromium coating containing Zinc-
Oxide nanoparticles and graphene deposited using formic acid) has a more positive Ecorr value than other CF
& C (Cr coating) coatings which explains the inertness of CFG towards corrosive media. Also, they found that
the corrosion rate and corrosion current value was lowest with respect to other Cr coatings which support the
stability of graphene incorporated Cr coatings. They also suggested further study of the photothermal conversion
behaviour of Cr-G coatings [70]. Raghupathy et al. explained the surface modification of Cu-GO coatings on mild
steel. The electroplated Cu-GO coatings showed crystal growth along <220> atomic plane. The electrochemical
corrosion test verified that with the loading of GO the coating yielded higher corrosion potential. He studied the
long-term corrosion resistance property of Cu-GO coatings and found considerable surface change after 5 days
of exposure to corrosion media [71].

5.2 Graphene Polymer Matrix Composite Coatings

Many researchers have shown their interest in graphene and its derivative, as a filler material for polymer
composites due to the uniqueness of graphene. Already some scientists have claimed the novel properties of
graphene incorporated polymer composites for corrosion protection. The uniform distribution of graphene as
reinforcement plays a significant role in the production of graphene-based nanocomposites. Graphene used as
nanofiller acts as a physical blockade that descends the permeability of polymer-based coatings by extending
the tortuosity of the wandering route for particles. Chang et al. illustrated the principle of enhanced corrosion
protection of polyaniline/Graphene and polyaniline/clay composite coating on steel. They incorporated
functionalized graphene into polyaniline which worked as a gas barrier that retards the penetration of gases
like O, and H,O molecules into the coating, thereby protecting the metal surface. K.C. Chang and his fellow
workers presented the better corrosion resistance properties of hydrophobic epoxy graphene composites (HEGC)
than epoxy / graphene composites. The electrochemical studies of HEGC coatings showed a higher E__ value
(-411mV). They demonstrated that 1 wt. % graphene inclusion in epoxy - graphene composite can inhibit up to
60% of O, permeability [72]. Pourhashem et al. has presented the importance of dispersion graphene derivative in
the matrix for the efficiency of coating over the substrate. They claimed via his electrochemical measurements that
the increasing GO content lowers the barrier properties as there is a chance of GO aggregation with higher wt.%.
They also suggested that GO directly added hardener has superior dispersion and corrosion resistance properties
than GO incorporated in epoxy. Hayatdavoudi et. al. presented the influence of an adequate amount of graphene
in Zn-rich epoxy (ZRE) coatings for protection against corrosion. The long-term corrosion studies revealed that
the role of graphene content in galvanic coupling corrosion as lower content of graphene act as a cathodic site
for sacrificial ZRE coating and increase the percolation period thereby deteriorating the efficiency of the coating
against corrosion. Also, in the salt spray test, they noted the formation of white rust in high graphene content ZRE
coatings which indicate better protection while there was the formation of red rust in the scribed areas of lower
graphene content in ZRE coatings after 1000 hrs of spray test [73]. Zheng et al. has reported the anticorrosion
property of modified graphene-based epoxy coating. The graphene was modified using poly- urea formaldehyde
via in-situ polycondensation reaction followed by a mixing of epoxy resin. From the characterization results,
they proposed that the hydrophilicity of GO no longer existed after the modification. Also, the GO/UF composite
acts as a sheet pigment in epoxy. Ramezanzadeh et al. showed in his report, the advanced barrier properties of
functionalised GO sheets into Polyurethane coatings. The GO sheets were conjugated with polyisocyanate (PI)
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resin. They concluded from the obtained SEM images that the PI-GO/PU composite has smooth surface fracture
which signifies the reduction of cracks by graphene derivative. Li et al. studied the corrosion protection of different
forms of graphene reinforced into waterborne polyurethane (PU) coatings. He found that except functionalized
GO (FG), GO and mildly reduced GO (RGO) were well dispersed in PU due to the hydrophilic character of GO.
They concluded through his investigations that RGO with low content of 0.2 wt% showed the best anti-corrosion
properties in the electrochemical test as well as salt spray test. However, increased content of Functionalized Gr of
0.4 wt% has better resistance than 0.2 wt% Functionalized Gr he expected the reason behind improved properties
is due to the parallel alignment of FG to the substrate [74].Other than coating as a corrosion barrier, Graphene
paints also attracted researchers to investigate the properties for practical applications. Krishnamoorthy et al.
demonstrated the inhibition performance of GO nano paint in an acidic medium by weight loss method in the
saline medium. They reported the inhibition efficiency of GO nanopaint to be 88.70% in an acidic atmosphere.
The corrosion-resistant efficiency was calculated 76.61% in 3.5 wt% NaCl solution [75].

5.3 Graphene composite coatings for corrosion protection of various metal substrates

Chen et al. has explained the corrosion hindrance ability of graphene for Cu and Cu/Ni alloys. They have reported
the chemical inertness of monolayer and bilayer graphene coatings in both air oxidation and liquid solution
environment [76]. For the nickel surface coated with graphene acts as an ionic barrier. This decreases the corrosion
rate leading to corrosion protection. Ni coated with graphene by chemical vapour deposition, graphene acts as
a barrier for electrochemical reactions [77]. There is a mechanism of greater solubility of carbon in nickel and
surface catalysis. The graphene coating has great coverage of the surface, has good adhesion and correlation. Also,
the Ni surface coated with graphene has very less defects, as a result of which there is high corrosion resistance.
When graphene is coated on nickel, the rate of corrosion is 10.45 x 10 ~*mm/year, corrosion potential -233 mV and
corrosion current of 0.85 pA/cm? in 0.5 M NaCl. Kumar et al. examined that the corrosion rates become 7 times
slower as compared to nickel coating where there are no additives. The preparation route of coating also affects
the efficiency of coatings to corrosion barriers. Prasai et al. had presented the difference between the corrosion
resistance of graphene-coated Ni formed by mechanical transfer and CVD. They found that CVD-developed
coating has 20 times corrosion resistance while few layers of mechanically deposited coating resulted in excellent
property [78]. However, there are other methods used for coating prepared graphene composites on metal like
rapid thermal annealing, spin coating, electrophoretic deposition, vacuum filtration, powder spray, solution spray,
dip coating, brush painting, or drop-casting [79]. Graphene-coated copper has lower corrosion densities and
corrosion current dropped by 20 times with respect to bare Cu [80]. The rate of corrosion for graphene-coated
copper is observed to be 0.08 mm/year

Table-11. Electrochemical data of some graphene coated metal substrate in 3.5 wt. % NaCl solution

Composite coating | Coating method Substr?lte Immersion Electrochemical parameters Ref.
material time
1 A R (KQ
Eur) | " | ey | o
G/PANI Nano-casting Steel _ —537 0.38 0.00044 | 135.22 | [54]
GOfisocyanate | Electro deposition Copper _ —211 3.49 0.04068 0.025 | [91-92]

G/polyimide Spin coating Cold rolled 30 min —432 0.15 0.00176 | 165.29 [93]
steel

G/epoxy Nano-casting Cold rolled 30 min —411 0.10 0.00009 442 [73]
steel

GO/per nigraniline Dip coating Copper 168 hours -23 5.98x10% | 6.99x107 [9.86x10°| [ 50]

GO/epoxy Film applicator Mild steel 240 hrs - 02015 |2.366x10°| 1.669 [ 94]
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rGO / diatomaceous Cold spray Copper 15 min 12.2 0.159 0.00158 _ [79,95]
earth / TiO,
rGO/epoxy Spin coating Zinc 144 hrs —957 0.18 0.00272 _ [51]
GO/PMMA Drop casting Copper 100 hrs —250 0.069 _ _ [83]
rGO/silicon-acrylate Spin coating Zinc 144 hrs —585 0.45 0.00682 _ [96]
resin
G/polyurethane— | Film applicator | Mild steel _ =272 | 2.45x107°|2.88x107 B [97]
G/PANI Electro Copper B —234 0.1 0.00005 |1.5x10*| [98]
polymerization

GO/chitosan Dip coating Carbon steel 48 hrs -374 39 0.0017 1.44 [99]
G/epoxy Film applicator | Q235 steel 48 hrs —566 0.0551 0.0007 369.4 [100]
GO-ZrO,epoxy P110 steel —432 0.37 [101]
rGO/PPy Electrodeposition | Mild steel 1 hr -544 0.85 0.0099 66.9 [102]

whereas for bare copper it is 0.18 mm/year [81]. Singh Raman et al. described that Cu coated with graphene by
CVD was ensured to have improved corrosion resistance by magnitude of two orders. Raman spectroscopy was
to determine the number of layers. There are 4-5 layers of graphene on copper films (I, /I, ratio = 1.36) [82].
Kalita et al. described that copper coated with graphene provide oxidation resistance for an only a short period
of time and inferior corrosion resistance for long period of time [83]. Electrochemical Impedance spectroscopy
(EIS) and potentiodynamic polarization is used to study corrosion protection due to graphene. Kirkland et al.
had shown in their study, that there was an anodic shift for Ni and cathodic shift for Cu substrate layered with
CVD-grown graphene. Coating thickness and exposure to a corrosive environment have an effective impact on
the protection tendency of coatings. Qi and co-workers have explained the effect of exposure time and Coating
thickness on different concentrations of PMMA-g-GO. They noted that 81% PMMA-g-GO film has better
performance than 62% PMMA-g-GO. Also, with the increase in film thickness from 2pm to 10umthere were
no corrosion traces with 10 um thickness. 81% PMMA-g-GO proved to provide corrosion protection up to 100
hrs [84]. For steel, graphene acts as an ionic barrier. For corrosion protection of mild steel substrate, epoxy-GO
nanocomposite coating is used which has enhanced barrier properties. Diffusion of corrosive species is restricted
by GO nanosheets in epoxy coating. For enhanced corrosion protection, GO is directly added to polyamide
hardener. To deposit GO onto carbon steel, nowadays EPD (electrophoretic deposition) is being used.

The sheets of GO are smooth and clear, have high functionality, and improve adhesion. Park et al. described that
GO sheets were inactive as an oxidation barrier because it was less dense [85]. In the case of aluminum, graphene
coating served as a barrier layer which was highly protective. Al substrate coated with graphene has corrosion
protection efficiency of magnitude order 3 that was higher than bare Al substrate. Graphene coatings by dip
coating on the Al surface worked as a barrier between the Al surface and the electrolyte. Lui et al. reported that by
Raman spectra it was found that graphene dip-coating covered the Al surface uniformly. XPS analysis described
that from graphene dip coatings, oxygen-containing functional groups were removed. [86] Al-2219 alloy was
coated with graphene blended PVA. This was done by using multiple dip coating. Hikku et al. reported that there
was a uniform coating of GPVA on the Al surface. As compared to bare Al, Al-2219 coated with GPVA showed
lower corrosion current, lower corrosion rate, and higher polarization resistance [87]. Chen et al. had represented
the corrosion protection ability of graphene-coated Cu and Cu-Ni alloys when exposed to high temperatures.
They claimed that multilayer graphene act as passivation coating for a short time period. They found that the
multi-layered graphene-coated Cu/Ni alloy samples remained shiny even after two days in air at the 200°C.
Meanwhile, iron is considered the most active metal for corrosion. Bare iron easily turns brown when exposed to
harsh conditions due to oxide layer formation over its surface. Kang and his co-workers have confirmed that the
colour of five bilayer rGO coated iron foil does not change even in oxidation conditions [88] Gan et al. reported
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that further research is required for the protection mechanism of graphene composite coatings [89]. Bohm et al.
discussed that steel coated with graphene has corrosion rates of 0.000196 mm/year as compared to bare graphene
which had a corrosion rate of 0.7 mm/year. Galvanized steel had corrosion rate of 3.87*102 mm/year whereas
20% wt.% unfunctionalized graphene had corrosion rate of 8.46* 10“*mm/year [90]. Table 3 shows graphene-
based coating on different substrates.

6. FUTURE OUTLOOKS FOR CORROSION PROTECTION USING GRAPHENE

Researchers are working on graphene paints for corrosion protection and have demonstrated that in the future
graphene paints can be used to protect steel and other metals in corrosive atmosphere. In the future graphene will
have greater progress as much researches is going on for the improvement of defects and to make perfect graphene
that gets evenly spread in the polymer resin. The key element that diminishes the competence of graphene for
various applications is the number of defects. It is found crucial to achieve defect-free, ordered arrangement of
graphene, and develop environment-friendly modification methods for the original structure of graphene which
are not harmful to human health as well as the environment, the amount of graphene domain boundaries is to be
reduced thereby producing sheets of a larger area. Graphene waterborne anti-corrosive coatings are also given
attention for the future. The main global goal is to make graphene useful for commercial products in society and
in the market. In the next 10 years, it is believed to achieve this goal and benefit society with the astonishing
properties of graphene.

7. CONCLUSIONS

Graphene coating is regarded as an ultra-thin coating that protects the metal from oxygen and water by providing
a good shielding. It is also regarded as an eco-friendly coating free from any hazardous chemicals. Compared
to ceramic coating graphene is always better in terms of its durability, hydrophobicity, glossy, and it’s easy to
apply, still, the challenges for its application as effective material against corrosion lies in terms of its high cost.
Researchers are working in this area to make this material less cost-effective by devising various new synthesis
techniques.
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1. ABSTRACT :

Many parameters are used to determine the quality of water. One vital parameter is Total dissolved solids (TDS)
which measure the deterioration of water quality. Regular consumption of low TDS in packaged drinking water
leads to adverse health effects like chronic gastritis, cardiovascular diseases, homeostasis, and metabolic acidosis
in humans. In this review, an overview of low TDS and its ill effects on human health due to the consumption of
packaged drinking water containing low minerals is discussed.

Keywords : Total dissolved solids (TDS), Packaged drinking water (PDW), Impacts of low TDS, Human health
and TDS, Low minerals.

2. INTRODUCTION

Total Dissolved Solids (TDS) is one of the water quality parameters which can be defined as the presence of
inorganic salts like Ca, Mg, Na, CO,, CI', SO,, NO, and other cations and anions as their major constituents in
the water [1]. It is determined by weighing the residue left after the evaporation of the filtered water sample at
180°C [2].

Mass of solids (W W) (g)
Volume of sample (ml)

TDS (# = x 1000
Where, the value of W is the final weight of the dish and filtrate after evaporation, and W is the initial weight
of the dish before evaporation. TDS is one of the oldest parameters for determining the quality of water and
has always been taken to represent materials present in the water [3]. Low level of TDS in packaged drinking
water like bottled water, sachet water, and distilled water is believed to cure arthritis by “washing out” calcium
from deposits in joints. Many believed that consuming water containing low TDS, those which are treated by
distillation, reverse osmosis, or deionization tends to leach out minerals from the body and causes its deficiencies
and other ill-effects [4]. Recent years have witnessed high emergence and rapid growth of the bottled water
industry; perhaps due to its ease of availability in carrying, inexpensive cost, and absence of harmful contaminants
have made packaged water a good alternate source for drinking in maximum developing and developed countries
[5]. Bottled water represents water sealed in plastic containers without any added ingredients, containing safe
and harmless antimicrobial agents which are suitable for drinking [6]. In India, the bottled water industry showed
remarkable growth when Parley launched Bisleri. India is now counted in the top ten countries in terms of bottled
water utilization. According to the survey data analysis in several restaurants and hotels in Kolkata West Bengal,
India, it was observed that the packaged drinking water like Kinley had a maximum market share off around
52%, followed by Bisleri and Aquafina 14% each, bailey shared 4% of the market share, and other companies
shared the rest 16%][7]. Due to the over-treatment of packaged drinking water, they lack in essential minerals
hence resulting in low TDS of water. The classification of water, based on mineral content and concentration of
TDS along with its palatability with respect to the European Union mineral water directive (EU) [8] and Bureau
of Indian Standards (BIS) [9], is mentioned in Table-1
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Table-1Classification of different water type based on concentration of TDS

EU BIS
Water Type Criteria TDS (mg/l) Concentration of TDS (mg/l) | Palatability remark
Very low mineral concentration | Mineral content (TDS) <50 mg/I <300 mg/l Excellent
Low mineral concentration TDS 50-500 mg/1 300-600 mg/1 Good
Average mineral concentration TDS 500-1500 mg/1 600-900 mg/1 Fair
High mineral concentration TDS > 1500 mg/1 900- 1200 mg/1 Poor
- - >1200 mg/1 Unacceptable

Even though the consumption of bottled drinking water has increased worldwide, strict standardization and
periodic inspection are essential factors for both economy and human health. The World Health Organization
(WHO) provides general guidelines that are essential for better water quality [10, 11]. Similarly, in India Bureau
of Indian Standards (BIS) formulates Indian standards drinking water specifications required in drinking water
[9]. Studies elsewhere have shown non-compliance of physicochemical properties of packaged drinking water
with the results mentioned in their labeling. Bottled water is also regulated by various international guidelines
provided by International Bottled Water Association (IBWA), Food and Drug Administration (FDA), and United
State Environmental Protection Agency (USEPA) as mentioned in table-3 [9-12].

2.1. Correlation of TDS with pH and EC of water

TDS, pH, and Electrical Conductivity (EC) are the essential parameters that determine the quality of water. pH is
the measure of acidity and alkalinity of the solution. The scale of pH ranges from 0-14. The scale is logarithmic,
not linear. For example, if the solution has pH 6 then it is ten times more acidic than pH 7. Pure water is said
to have a pH of 7. Water below pH value 7 is considered acidic while pH above 7 is considered as basic or
alkaline. Electrical conductivity can be defined as the capacity of the solution to carry an electric current. The
ability to pass electrical flow mainly depends on the concentration of ions present in it along with the optimum
temperature. Solutions with more inorganic salts, acid, and bases have good EC [13]. TDS and EC are indicators
of salinity in the water and are correlated [14, 15]. Researchers have done various investigations to find out the
precise mathematical correlation between EC and TDS. TDS concentration can be easily calculated from the EC
value as per the given equation [14].

TDS (%) =k x EC (%)

Where k measures the ionic concentrations and the value of k depends on the ion concentration and it increases
with the increasing ions in water. If EC increases the amount of TDS also increases. Thus TDS when correlated
with conductivity directly, affects the pH of the drinking water. If the EC is high, TDS becomes more and the pH
of the water decreases resulting in acidity [1].

2.2. Desirable TDS Content of Drinking Water

If the TDS level changes then the texture and taste of water also change. Maintaining the TDS level of bottled
water is essential for maintaining good health. According to Bisleri, TDS level 50-150 mg/l is excellent and is
considered as the most suitable and acceptable limit for drinking [16]. According to World Health Organization,
1980 report, a minimum of 100 mg/l of TDS is required to be present in water. The recent guidelines of WHO,
2017 recommended TDS level <1000 mg/I as suitable for drinking.

Thus, the research on TDS and packaged drinking water continues with various modifications in research
methods. This paper presents the overview of drinking low TDS water such as packaged drinking water and its
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impact on consumer’s health due to low mineral consumption and the various methods adopted in determining
TDS of water.

3. REVIEW OF LITERATURE

Various methods for testing TDS in packaged water at research levels are adopted and presented in the technical
papers, which have been referred to, for the present review. The critical findings from these papers are discussed
below.

Mahajan et al. [17] took seventeen bottled samples of various brands, collected from various retailed shops in
Amritsar, India. The physical and chemical parameters, like TDS, Ca, Mg, pH, Cl, K, hardness, Zn, Cd, Cu, and
Chlorine demand of the sample were analyzed in the laboratory to match it with the recommended limits of WHO
and USEPA. The pH of the samples was determined using a pH meter, TDS was determined using the evaporation
method and Conductivity using a conductometer. The authors analyzed the pH of the samples, out of 17 samples
3 samples were found slightly acidic with pH values around 6.79, 6.83, and 6.73 respectively. Thus, all the
commercially packaged drinking water had pH value within the prescribed limits by WHO and USEPA. It was
observed through the experiment that all the samples had TDS values lower than the recommended limit of 500
ppm, three of the packaged water had TDS < 50, and another four <100 ppm. The authors discussed the results
and pointed out that the water lacks essential minerals and is lower than the desirable limits and the majority of
the brands of packaged water are over-treated. This paper gives an overview about over treatment of packaged
drinking water resulting in low mineral content, when consumed it can lead to mineral deficiency in the body.
Studies all across the world revealed that various methods are adopted for determining the TDS present in water
as shown in Table-2.

Table-2. Various methods to determine TDS of water

Parameter Various Methods Sources
Evaporation method [17], [18]
Gravimetric method [19], [20]
Digital TDS meter [11, [21], [22], [23], [24], [25]
*AAS [26]
Y SI-Multiparameter [27], [28]
Conductivity meter [11], [29],[30]
TDS (mg/1) TDS and EC relationship [31]

*AAS- Atomic Absorption Spectrophotometer.

Ray et al. [32] conducted a study to access the physicochemical quality of Packaged Drinking Water (PDW) in the
city of Kolkata, West Bengal, India. The authors took 27 types of PDW and 10 different types of bubble top can
PDW. The analysis of the sample was done at the School of Water Resource Engineering, Jadavpur University,
West Bengal, as per the prescribed guidelines of the American Public Health Association (APHA). Another,
eighteen samples were collected randomly from Kolkata Municipal Corporation (KMC) in different localities.
The samples were analyzed and the result of PDW and KMC were compared with each other. The samples
were tested for both bacteriological and physicochemical parameters. The pH and turbidity of the samples were
determined using digital pH meter and Nephelo-turbidity meter, and TDS was measured with a digital TDS meter,
whereas Fluoride, Chloride TH was determined using lon-selective Electrode (ISE), argentometric method, and
EDTA titration method, respectively. The study also showed that 41% of PDW had a pH value of 6.5 and was
acidic. The minerals content, TDS, Ca, Mg, the types of PDW were found low and F- were found negligible. All
PDW showed the minimum TDS level between 38.26 mg/l for bottled water, 24.68 mg/1 for bubble top cans, and
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the maximum of 117 mg/l, which signifies a low level of TDS in water. On the other hand, the samples of KMC
water supply showed higher values of the above-mentioned physicochemical parameters. The study concludes
that the regular consumption of low-mineralized water is not safe and may lead to potential health risks like an
irritation to mucous membranes and cardiovascular diseases. The KMC water supply can be a good alternative
for drinking purposes. This paper compared two different types of water that are packaged and tap water, where
the data reveals that the packaged drinking water showed low mineral content as compared to water of Kolkata
municipal corporation. The authors concluded that tap water is safer as compared to PDW due to its high mineral
content.

Rao et al. [19] conducted a study to assess the physical, chemical, and bacteriological parameters of various
packaged and public drinking water. The samples were collected from villages of Vikarabad, located in Telangana,
India. One sample from each bore well from 35 villages in Vikarabad Mandal, one municipality tap water sample
from Vikarabad municipality, and five samples of each brand of bottled, four sachets, and four canned water
sample was collected from the same location. For analyzing the physical and chemical evaluation the bore
well water samples, canned and municipality water samples were collected in sterilized white jerry cans of 1L
capacity. For analyzing the bacteriological parameter same samples were collected in sterilized jars of 100 ml
capacity along with bottled water and sachets of 1L capacity. All water samples were collected under sterilized
conditions, numbered in the sequence and refrigerated to preserve the parameters, and transported to Telangana
State Pollution Control Board, Hyderabad for analysis. The guidelines of the American Public Health Association
(APHA) were followed for the analysis of the samples. The pH of the sample was examined using a pH meter, the
EC of the sample was examined using a conductivity meter and the TDS of the samples were determined using
the gravimetric method. The values obtained from the studied parameters were compared with the guidelines
provided by the Bureau of Indian Standards (BIS) given in table-3.

Table-3. Guidelines for the maximum allowable levels of contaminants in drinking water

Parameters IBWA FDA USEPA WHO BIS
pH 6.5-8.5 - 6.5-8.5 6.5-8.5 6.5-8.5

TDS (mg/l) 500 500 500 <1000 500

EC (uS/cm) - - - 400 -

*IBWA- International Bottled Water Association; FDA- Food and Drug Administration; USEPA- U.S
Environmental Protection Agency; WHO- World Health Organization; BIS-Bureau of Indian Standard.

The statistical analysis and Pearson’s correlation of the result were obtained using the SPSS package (Version
21.0) given in Table-4.

Parameter Min/Max/Mean Bottle Sachet Can Bore well | Tap water
pH Minimum 5.52 5.98 7 5.9
Maximum 6.89 7.58 7.5 9.4
Mean 6.34 7.13 7.2 6.8 7.8
Electrical Minimum 47 53 48 49
Conductivity Maximum 181 174 690 1299
Mean 104.4 111.5 214.5 658.7 456
TDS Minimum 31 34 31 32
Maximum 118 113 445 1012
Mean 67.8 73 139.5 498.2 296

Table-4:Mean values of physicochemical parameters assessed in drinking water.
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The physicochemical quality of drinking water from different sources like bottled, sachet can, bore well and tap
water was not within the permissible limits in Vikarabad, India.

Khatri et al. [33] conducted a study to assess the quality of drinking water in nine villages of Harij Taluka, located
in Patan district in Northern Gujarat, India. Water from nine villages was sampled for the analysis of parameters
that are crucial for drinking, such as TDS, F, Mg, Cl, dissolved oxygen, and many others at GEMI’S Laboratory,
Gandhinagar, Gujarat. Weekly analysis of the samples for pH was done for six consecutive weeks.The result was
observed and noted. The pH of the water was found in the range between 6.5-8.5which was within the range
provided by BIS [9] in all the samples for the six consecutive weeks. The conductivity of water samples was
analyzed for six consecutive weeks. It was found that the conductivity of water samples was below 400 puS/cm
except for the two villages, where it was present beyond the acceptable limits. The samples were analyzed for
TDS in water. It was found that the TDS of water was above 500 mg/L in Jaswantpura and Jasomav for all the
weeks, which was beyond the acceptable limits of BIS [9]. Only the second week at Bhalana showed TDS level
beyond the acceptable limits as per BIS as shown in Fig 1. The authors concluded that the quality of water in all
the nine villages is of good quality and safe for human consumption.

Analysis of TDS in water of given areas
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Fig 1. Graphical representation of scientific analysis of TDS in water samples [33].

4. IMPACT OF LOW TDS ON HUMAN HEALTH

Levallois et al. [34] state that the taste of water has an intense impact on a person’s willingness to drink it. When
consumers experience an unacceptable taste in drinking water, they typically look for different water sources.
The sudden growth of bottled water is one of the reasons for this notion. In addition, the water treatment devices
installed in buildings and homes of the consumers are the sign that they are searching for ways to improve drinking
water taste [35]. The artificially produced desalinated/deionized water was previously used by laboratories and
industries and not for drinking. However,in the last three decades, treated water has become a widely practiced
technique in providing safe and clean drinking water. However, deionized water may vary in composition due
to the existing treatment facilities which may result in minimum TDS and other minerals content. The high risk
of health effects due to long-term consumption of desalinated water is of interest in countries and places where
freshwater is not available and bottled water is consumed. Verma KC and Kushwaha AS [36] state that Ca and
Mg are important elements for health. Although, drinking water is not the only source of our Ca and Mg but
along with supplements they can outweigh its nutritional contribution to the body. Bubble top cans now a days
are found in many homes and the demineralized water is utilized for cooking. Desalinated water when used
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for cooking causes substantial losses of all essential elements from foods like cereals and vegetables etc. The
substantial losses may reach up to 60% for Ca and Mg or may also eliminate other microelements.

Demineralized or deionized water are those which is completely free from dissolved minerals resulting in low
TDS (1 mg/l) of water. Such water also shows a low EC value. Research has been carried out to find the possible
adverse health effect of water that lack dissolved mineral content. The ill effects of demineralized water on health
are discussed below.

4.1. Effect of low mineral content of water directly on the mucous membrane of intestine, metabolism of body
and homeostasis

Some research in the laboratories has been conducted on animals and humans and the observation was noted
accordingly. TDS less than 50 mg/l can impart a negative taste to the consumers. This type of water is also
reported to be less thirst-quenching [37]. Although they have no high health risks, they should be taken into
account when considering the suitability of low mineral content for consumption. Williams [38] reported that
deionized water when introduced into the intestine of rats changed the epithelial cells. Schumann et al. [39] in
their experiment for 14 days on rats concluded that there is no sign of erosion, ulceration, and inflammation in the
stomach, oesophagus of rats. It has been adequately demonstrated [40] that water with low mineral content impart
negative effect on the body’s mechanism of homeostasis. The mechanism of homeostasis ensures equilibrium in
the Urinary system. If the mineral content is low in the water, then the urine increases the elimination of major
intra and extracellular ions from the body. Experiments on rats upto one year have shown that intake of distilled
or deionized water that has a TDS value <75 mg/l leads to diuresis, increasing tendency of thirst, elimination of
Na and Cl ions from the body. It also slows down the volume of red cells and leads to hematocrit changes [37].
The WHO 1980 report [40] came in agreement with the results of experiments evaluated by the researchers
and agreed that low TDS water (TDS < 100 mg/l) results in diuresis, homeostasis, and increases the leaching
of potassium, chloride, calcium, and magnesium ions from the body. The low mineral content in water acts on
osmoreceptors of the gastrointestinal tract resulting in decreased aldosterone secretion and increasing sodium
elimination. The German Society for Nutrition gave resembling conclusion about the effect of deionized or
distilled water and warned the public against drinking it. Studies have shown that consuming low mineral water
regularly may lead to acute damage such as hyponatremic shock or delirium. Hyponatremic shock, so-called
“Water intoxication” increases with decreasing levels of TDS in water. More severe risk like acidosis and oedema
was observed in infants whose drink was prepared using distilled, deionized or low-mineral bottled water [41].

4.2. Low or no intake of Ca and Mg from demineralized water

Calcium (Ca) and Magnesium (Mg) are essential elements for the body. Ca is a substantial component of bones
and teeth while Mg acts as cofactor and activator of more than 300 enzymatic reactions including glycolysis. It
also helps in transporting elements such as Na, K, Ca through membrane synthesis of protein and nucleic acids.
Although drinking water is not the only source of Ca and Mg in our body, they add its nutritional contribution along
with the supplemental intake. The epidemiological studies in many countries reported that drinking water low in
Mg is directly associated with the mortality and morbidity rate due to cardiovascular diseases. Studies concluded
that intake of soft water, water low in Ca may create higher risks of bone fractures in children [42] and certain
diseases related to neurons [43]. Several studies suggested low intake of these elements leads to cardiovascular
disorder, tiredness, weakness or muscular cramps [37]. Lutai [37] conducted an epidemiological study in the Ust-
Itim region of Russia. The study focused on physical development and morbidity rate in 7658 adults, 562 children,
and 1582 pregnant women and their newborn babies. The area was divided into two different localities and one
locality was supplied with water containing high minerals and another with water containing low minerals. The
population of both areas did not differ in terms of food, air, and social habits. It was observed that the locality
supplied with low minerals water showed a higher rate of goiter, hypertension, duodenal ulcers, chronic gastritis,
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heart disease, and nephritis. Children exposed to low mineral water exhibited slower physical development and
more growth abnormalities. Pregnant women showed edema and anemia. Whereas, the locality supplied with
high mineral content showed no such symptoms. The author concluded Such water is physiologically optimum.

4. CONCLUSION

TDS normally indicates the presence of salinity in water. Water containing no dissolved solids is intolerable
and releases a flat taste to consumers. Earlier data shows water containing TDS <100 mg/l has negative impacts
on human health like hyponatremia shock, metabolic acidosis, brain oedema, cardiovascular disease, chronic
gastritis, goitar, etc. Also, TDS <50 mg/l is considered to be less thirst-quenching. According to reputed packaged
drinking water manufacturers, minimum range between 50-100 mg/l TDS is required in drinking water. However
recent data shows very less information on ill effects due to consumption of low TDS water. According to WHO
1980 Report, the minimum permissible limit required for TDS was 100 mg/l. However, recent guidelines of
WHO 2017 remain silent on the minimum TDS level required in drinking water and only show the maximum
permissible limits of TDS in drinking water i.e., <1000 mg/l. It can be highlighted that a minimum TDS level
between 50-100 mg/1 is recommended to be present in drinking water to avoid a negative impact on human health.
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Abstract : The dumped iron ore sample having 49.62% Fe, 6.96% SiO,, 9.94% AL O,, and 7.65% LOI was used

273
for the present investigation. Characterization studies of the as-received sample reveal that major iron-bearing

minerals present in the ore are hematite and goethite. The magnetite/ martitized magnetite is observed in minor
traces. The major gangue minerals are clay and gibbsite followed by quartz.

The present study aims to enrich the iron values of dumped iron ore fines to produce a value-added product. The
iron values present in the feed sample were enriched by removing silica and alumina. The deslimed feed was
subjected to a Floatex Density Separator. A statistical factorial design matrix was followed for conducting the
tests using the process variables as, teeter water flowrate, bed pressure, and pulp density. The underflow obtained
from FDS content is 58.2% Fe and the product yield is 64.4%. For further enrichment of the Fe-grade of the
U/F, it was ground to 150um for better liberation. After desliming the ground product of U/F, Fe-grade could be
improved to 60%, and further subjecting the deslimed product to magnetic separation enhances the Fe-grade to
62% with mass recovery of 44.5%. The final product produced from the dumped iron ore fines could be used
for pellet feed.

Keywords: Waste iron ore fines; Fine processing, Floatex density separator; Bed pressure; Desliming, Magnetic
separation

1. INTRODUCTION

Iron ore is the basic raw material used in the production of pig iron, sponge iron, and finished Steel. Steel being
a core sector, it is integral to the growth of the economy and one of the measures for accessing development.
Recently, iron ore demand has increased tremendously due to the rise in industrial applications and the global
scenario for industrial development. The metallurgical requirements for iron concentrate conditions have
increased, as far as the chemical composition and final concentrate stability are concerned, as the quality iron
ore is not only required for stable blast furnace operation but also to enhance the efficiency of the blast furnace
operation. Some of the critical issues related to iron ore which encompass the composition of the iron ore with
low Fe and high Al-Si ratio, low strength, lower reducibility, low temperature softening and melting tendency
needs to be addressed effectively. The exploitation of lean grade ores became necessary due to the depletion of
the high-grade iron ores and the increased demands of the industry. Therefore, it becomes essential to beneficiate
low-grade ores to make them amenable for blast furnace operation using appropriate mineral processing systems.

Iron ores in India are usually beneficiated simply by crushing, sizing, and washing in coarser sizes. Fines produced
during crushing and grinding of the iron ores, in order to beneficiate them, are simply discarded because of low
iron content, high silica, alumina content in their fine size. These fines thrown into the dumps are increasing over
the years, creating a lot of environmental issues. Moreover, the increasing tonnage of these fines dumps calls for
additional space to accommodate them for which a lot of land is required at or near the plant. It is imperative to
utilize the low-grade ore or fines from dumps by suitable beneficiation technique to conserve the resource. It will
also reduce the tonnage of waste.

The gravity separation technique is one of the economic processes, especially for iron ore fines where the density
difference between the valuable and gangue minerals is more. This could be utilized for effective separation at the
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initial stage. The fines (< -1mm) could be processed by a Spiral concentrator or Floatex Density Separator (FDS).
However, in a spiral concentrator, separation is affected by the combined effect of the centrifugal action with
a multiple sluicing system where the surface water washes away the lighter grains, leaving the grains of heavy
minerals concentrated in the deeper section of the trough. The Floatex density separator works on the principle
of hinder settling. It has been used for the processing of manganese fines, chromite tailing, coal fines and other
minerals [1-5]. It is an advanced hindered settling classifier, called a counter-current and autogenous teeter bed
separator [6]. It makes use of differential settling rates of the particles to segregate them according to size, shape
and density. It includes low cut points, previously unattainable efficiencies and short payback periods [7]. FDS
can be used for the processing of the material size in the range of 800-75um [8]. Thus, it is found to be effective
for discarding the silica from the different minerals [9-10].

Keeping in view of the increasing demand of raw materials and depleting quality of the ore of the run-of mine
(ROM), it is necessary to process the dumped fines. It is very important to utilize the waste as it significantly
impacts mineral resources and environmental hazards. The present study highlights the interactive effects of the
process variables of FDS on the processing of the dumped low-grade iron ore and its effective separation. In the
investigation, an attempt has been made to process the dumped low-grade iron ore fines for its gainful utilization
and to produce a value-added product for pellet making and resource conservation.

2. MATERIALS AND METHODS
2.1 Material

The raw material used for the present study was fine dumped iron ore sample of size of about 1mm and the
origin is from the Eastern part of India. The sample was characterized by chemical analysis, size-wise chemical
analysis, specific gravity, and mineralogical study. The chemistry of the sample studied determined by the wet
conventional method is presented in Table 1. It was found that the silica and alumina content in the sample is quite
high. The high LOI indicates the presence of hydrated minerals in the sample along with the silicate minerals.

Table 1: Chemical characterization of as received sample

Radical Fe (T) SiO AL, LOI

2

% 49.62 6.96 9.94 7.65

The distribution of particle size in the feed material was determined by analysing the 80% (d,,), 50% (d, ) passing
sizes, and -74um size fraction with their Fe-content and Fe distribution. The detailed mineralogical characteristic
of the sample is described below.

2.1.1 Characterization

The mineralogical characterization of the as-received sample was carried out by using Orthoplan Microscope
(Leica). Microscopic study reveals that hematite, goethite/ limonite and martitized magnetite are the iron-bearing
minerals present in the sample. Among the iron-bearing minerals, hematite and goethite are present in major
amounts, while magnetite/ martitized magnetite is noticed in very minor to traces. Hematite occurs as anhedral to
subhedral-shaped grains and needle-shaped microcrystalline aggregates i.e specularite (Fig-1 A). Goethite occurs
as colloform bands with alternating layers of hematite (Fig 1 C). Some of the places magnetite grains are partially
or completely transformed to hematite and some unaltered remnants of magnetite are noticed within hematite
grains. (Fig 1C). Clay and gibbsite are the dominant gangue minerals present in the sample followed by quartz.
In places, clay is thoroughly intermixed/ intergrown with fine-grained hematite (Fig 1D). Globular inclusions of
gangue minerals (gibbsite and quartz) are observed within the hematite grains (Figs. 1A &B).
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Fig 1A: hematite occurs as anhedral-shaped grains and is intricately Fig. 1B: Hematite with transparent gangues (clay, gibbsite & quartz).
associated with transparent gangues (clay, gibbsite & quartz).

Fig IC: Goethite occurs as colloform bands with alternating layers Fig ID: Clay is thoroughly intermixed/ intergrown with fine-grained
of hematite. Hematite replaces magnetite and remnants of hematite.
unaltered magnetite found within hematite.

Fig. 1: Photomicrographs showing the mineralogical characteristics and association of mineral phases present
in the as-received sample. T- Transparent gangue (clay, gibbsite & quartz), Mart- Martitized magnetite, Hem-
Hematite, Goe-Goethite.

2.2. Methods

The dumped iron ore fine sample was characterized with respect to the particle size distribution and each size
fraction was analysed for Fe-content. Initial processing of the sample was carried out with Floatex Density
Separator. In Floatex Density Separator (FDS), the three main zones as shown in Fig.2 are (i) upper zone (A)
above the feed inlet (ii) intermediate zone (B) between the teeter water addition point and feed inlet, and (iii)
lower section (C) below the teeter water addition point. Each zone plays a significant role in the separation of the
feed based on their densities. Feed slurry is introduced to the FDS tangentially through a centralized feed well that
extends to approximately one-third of the main tank length. Fluidizing (teeter water) is introduced over the entire
cross-sectional area at the base of the teeter chamber through evenly spaced water distribution pipes. When the
feed enters the main separation zone, it dilates into a fluidized bed by the rising current of water. The teeter water
flow rate is dependent upon the particle size distribution in feed, density of the slurry, and the required cut-point
for the separation. The separation takes place in zone B. The separated lighter/finer particles leave the separator
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through zone A and the coarser/heavier particles through zone C. The FDS provides to maintain a constant height
of the teeter bed and a steady discharge of the underflow [11]. The hindered settling involved in the separation
prevails the effective separation compared to the spiral concentrator.

Floatex Density Separator works on the principle of fluidization and hindered settling in which the settling rate is
affected by the neighbouring particles [12]. In hindered settling, the particles settle according to their size, shape,
and specific gravity whereas, in free settling, the size and shape are the only factors that affect the particle settling
velocity. The settling rate of particles in hindered settling environment could be determined by Newton’s law.
According to Newton’s law, the settling rate presented in equation (1) indicates that the settling rate decreases
with the increase of the pulp density. This is attributed to the increase in the particle-particle interference and
thus, the viscosity of the medium.

1/2
3gd(p, —
b= gd(p,—p;) (1)
Py
Where, v = settling rate of particle
d = diameter of particle, g = acceleration due to gravity
p, = density of solid, p,= density of fluid

Feed

.

lj———————  Feed inlet pipe

Bed pressure

sensor
Teeter R
water

«——
Control
Panel

Underflow Discharge

Fig.2: Schematic diagram of the set-up of Floatex Density Separator.

Processing of the as-received iron ore fines was carried out using Floatex Density Separator (Model No. LPF-0230,
OUTOKUMPU). The initial stage of processing was carried out by gravity concentration as gravity separation is
one of the cheapest methods of processing low-grade or waste material and no reagents are used. The FDS has a
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cross-section of 230 mmx>230 mm, 530 mm height of the square tank and 200 mm height of the conical section
at the bottom. The feed distributor was inserted inside down to 230 mm from the top.

Experiments with Floatex density separator were carried out based on the factorial design of experiments using
three variables. The variable parameters like teeter water flow rate (TW) and bed pressure (BP) are the machine
parameters; however, the feed rate and percent solids on the slurry (PD) refer to the material variable. Among
the four parameters mentioned, the teeter water flow rate, bed pressure and slurry pulp density were considered
important variables as these have a significant effect on the yield and grade of under and overflow products of
FDS. The feed rate in the form of the slurry was kept constant at 300 kg/hr throughout the study. The levels of
parameters are given in Table 2. Experiments were carried out under the varied levels to optimize the condition
for maximizing the yield with improved Fe-content.

Table 2: Variable parameters and levels

Parameter Units Levels
Teeter water flow rate (TW) Ipm 10 14 18
Bed Pressure (BP) kPa 5 5.5 6
Pulp density (PD ) % solid 30 40 50

The teeter water flow rate was adjusted with the support of a rotameter (flow meter) and pressure or set point was
calculated and set on the PID controller. When the pressure inside the column reached the set pressure, the sensor
receives the signal to open the valve actuator of the pinch valve when already settled solids could be discharged as
the underflow. When the pressure becomes less than the set point the valve is actuated by the sensor and is closed.
This maintains the constant pressure inside the teeter column. The fine and light particles will be discharged
continuously through the overflow pipe. After completion of the feeding, the pressure is reduced to drain out the
already settled solids to the underflow stream. The samples collected from both the streams i.e., underflow and
overflow were analysed for Fe content.

The underflow obtained from the Floatex density separator at optimized conditions was ground to -150 pm for
its better liberation. The ground product was deslimed using a 2" lab model Mozley hydrocyclone keeping the
diameter of the vortex finder at 14mm and apex opening at 6.5mm. The size distribution of the ground product of
hydrocyclone underflow was determined. The feed inlet pressure was varied at three levels namely10 kPa, 12kPa,
and 14 kPa keeping the solid concentration at 10% to obtain the best rejection of tailing (yield and grade) to the
overflow. The hydrocyclone underflow was subjected to magnetic separation for further improvement of the Fe-
content of the product.

3. RESULTS AND DISCUSSION

1.1 Characterization of as-received sample

The characterization results of the as-received feed sample were presented in Figs. 3 and 4. The specific gravity of
the different size fractions was determined using a pycnometer. The size distribution and Fe-grade in the fractions
are indicated in Fig. 3, and the specific gravity of different size fractions is presented in Fig. 4. From Figure 3 it
is found that around 20% and 50% of materials are of -160um and -550um size respectively. The -74pm fraction
is 10.8% containing 31.4% Fe with 6.8% Fe distribution. The fraction +74pm is 89.2% by weight assaying
51.83% Fe and 93.2% Fe distribution. Fig. 4 shows that the coarser fractions have higher specific gravity than the
finer fractions below 74um. The reason is the presence of a higher amount of Fe content in the coarser fractions.
Therefore, below 74um was discarded from the feed by wet screening before subjecting for processing as the
slimes contain more gangue minerals and also have a detrimental effect on the process efficiency. Desliming
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of the feed material enriched the quality of the feed material from 49.81% to 51.83% and will also enhance the
efficiency of the downstream processes.
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Fig 3: Particle size distribution with Fe-content of as received sample.
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Fig.4: Size-wise density of size fractions of an as-received sample.

3.2 Floatex Density Separator

The beneficiation studies were carried out with the deslimed feed sample using a Floatex density separator based
on the factorial design of experiment using three process variables at two levels (Table 2). The results obtained
under the varied conditions are presented in Table 3. The effect of the process variables of FDS on the underflow

and overflow products are presented in Figs. 5 and 6. The values with respect to the original feed have been
indicated in the figures.
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Table 3: Results of deslimed feed using Floatex Density Separator

Process Variables Yield, % WRO, % Fe- Grade, %
TN D e Doy U OF R oF  UF OF
1 10 5 30 82.7 173 73.8 15.4 53.5 46.4
2 18 5 30 76.3 23.7 68.1 21.1 574 40.4
3 10 6 30 83.2 16.8 74.2 15.0 53.9 414
4 18 6 30 75.3 10.7 67.2 22.0 56.7 44.7
5 10 5 50 80.2 19.8 71.5 17.7 56.0 43.1
6 18 5 50 7.2 27.8 64.4 24.8 58.2 40.0
7 10 6 50 81.6 18.4 72.8 16.4 55.1 412
8 18 6 50 77.7 223 69.3 19.9 57.0 41.1
9 14 5.5 40 81.9 18.1 73.1 16.1 55.8 43.4
10 14 5.5 40 82.7 173 73.8 15.4 55.8 413
11 14 5.5 40 83.6 16.4 74.6 14.6 55.8 41.8

3.2.1 Effect of Teeter Water flow

The role of teeter water flow is to keep the material fluidized. The effect of teeter water flow rate on the underflow
yield and Fe content could be seen in Fig. 5. It was observed that within the experimental conditions, teeter water
flow rate has a significant effect over the other variables. With the increase in teeter water flow rate (Trial Nos.
2,4,6 in Table 3), the yield of underflow decreases with a gradual increase in the Fe-grade (Fig. 5). Higher teeter
water imposes a greater fluid drag on the particles which hinders them to settle and eventually leads more light
and fine particles to the overflow resulting in less underflow yield with better Fe content [13-16]. At a higher
flow rate of 18 lpm, the effect was found to be reflective and significant enrichment in Fe-content (59.6%) in the
underflow was achieved with a 58.2% yield (with respect to original feed). The overflow yield is 24.8% with
40% Fe content (Fig. 6).

100 59
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Fig. 5: Effect of variables on yield and Fe grade of Floatex underflow.
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Fig. 6: Effect of variables on yield and Fe grade of Floatex overflow.

3.2.2 Effect of Bed Pressure

In the present study, the bed pressure was varied in the range of 5 to 6 kPa based on the distribution of particles
in the feed. The effect of bed pressure and teeter water flow rate are inversely proportional to the responses. With
increasing the bed pressure, the yield of the underflow increases with the decrease of Fe-grade (Fig. 5). Higher
bed pressure results to reduce the voidage in the particle bed. Subsequently, the bed becomes more compact.
As a result, increases the suspension density of the pulp and causes more rejection of the lighter particles in the
overflow stream. The effect of bed pressure within the experimental variation (domain) was found to be less than
the teeter water flow rate. At high bed pressure and teeter water flow rate and low pulp density (condition: BP=6
kPa, TW=18 Ipm, PD= 30%), produces an underflow yield of 64.4% with as high as 58.2% Fe-grade.

3.2.3 Effect of Pulp Density

The pulp density of the slurry defines the distribution of the feed particles. The higher the pulp density, the more
is the particle-particle interaction in the slurry. It has a direct impact on the hinder settling of the particles. In the
present investigation, the pulp density of the slurry was varied from 30 to 50% solid. At a higher pulp density
of 50% solid, the effect of hinder settling is more and increases the effect of bed pressure, thus reducing the
efficiency of the separation process. It appears from Fig. 5 and 6 that due to the more effect of teeter-water and
bed pressure, the Fe-grade of the underflow product increases and yield decreases. At lower pulp density (30%
solid), the rejection of lighter minerals (gangue) in the overflow is 24.8% with Fe content. Thus, a higher teeter
water flow rate and low pulp density facilitate enriching the Fe content of the underflow yield.
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3.3 Interaction effect of variables on responses

The results produced from the FDS based on statistical factorial design were analyzed by Design software (version
7.0) to interpret the individual and interactive effects of the process variables on the responses, like the yield of
underflow and their Fe grade. The % contribution of the variables to the responses is presented in Table 4. It could
be found that teeter water has more than 70% effect on the yield and Fe-content of the underflow. The regression
equations generated from the ANOVA of the product (U/F) yield and Fe-grade of the yield of underflow are
indicated by equations 2 and 3 respectively. The coefficients of regression equations indicate the degree of the
effect. The higher the values of the coefficient, the greater the impact. It was found that teeter water (TW) and
pulp density (PD) have a positive effect and the bed pressure (BP) has a negative effect on the yield of the product
(U/F). The regression equation (2) shows that besides the effect of individual factors (TW, BP, PD), there is an
interactive (TW-BP, TW-PD, BP-PD) effect on the product yield; however, the coefficients are not as high as the
teeter water. Regression equation (3) of the Fe-grade of underflow shows that the co-efficient of the bed pressure
(BP), pulp density (PD), and interaction effect of teeter water and pulp density is significant as compared to the
interactive effect of the teeter water flow and bed pressure.

Table 4: Contribution of significant variables and their interaction on responses

Variables % Conribution Effect on responses
Response: U/F Yield
Teeter water (TW) 74.29 Decrease
Bed pressure (BP) 2.76 Decrease
Pulp density (PD ) 3.41 Increase
TW&BP 3.53 Increase
TW&PD 11.15 Increase
BP&PD 2.56 Increase
Response : U/F Fe-grade
Teeter water (TW) 73.50 Increase
Bed pressure (BP) 7.76 Increase
Pulp density (PD ) 4.59 Decrease
TW&PD 7.76 Decrease
TW&BP 1.65 Decrease

Yield of undeflow
=65.35-5.55*TW-1.07 *BP+1.19 * PD+1.21* TW* BP+ 2.15* TW *PD+1.03* BP *PD ...(2)
Fe grade of undeflow

=55.9+2.00*TW+ 0.65*BP -0.50*PD - 0.65*TW*PD- 0.07* TW*BP ....(3)

3.3.1 Interactive effect of teeter water and pulp density

From Table 4 and equations 2 and 3, it was found that the co-efficient of the interactive effect of pulp density and
teeter water is significant on the U/F product yield and Fe-grade compared to other parameters. From Fig. 6 it is
found that the yield of the overflow increases at higher teeter water flow (18 lpm) and low pulp density (30%)
because the elutriating effect seems to be more at higher teeter water flow than the lower TW. As the pulp density
increases the negative effect of teeter water on the yield of the underflow reduces. The combined effect of these
two variables could be balanced at high pulp density and teeter water flow, and low bed pressure.
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Fig. 7: Interaction effect of teeter water and pulp density on (a) underflow of FDS and (b) Fe-grade.
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3.3.2 Interaction effect of teeter water and bed pressure

The interactive effect of teeter water flow rate and bed pressure is shown in Fig. 8. The role of teeter water flow
rate and bed pressure on the suspension density is inversely proportional to the bed voidage. The increased teeter
water flow dilates the bed and increases the viodage, whereas the bed pressure reduces the voidage and makes the
bed more compact [15-16]. Thus, increased bed pressure increases the density of the medium produced during
the separation. Between the two opposite effects, water flow rate has been found to be more dominating as shown
in Table 4. With increasing the teeter water flow rate and bed pressure, the yield of the overflow increases. As

a result, the Fe- content of the U/F increases with reduced mass. Therefore, the separation performance of FDS
depend significantly on the selection of the operating conditions.
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Fig.8: Interaction effect of teeter water and bed pressure on yield of (a) underflow of FDS and (b) Fe-grade of products.
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3.3.3 Effect of Bed Pressure and Pulp Density

The interaction effect of bed pressure and pulp density on underflow product is shown in Fig. 9. At low bed
pressure, the autogenous media could not develop and the FDS behaves like an elutriator. The fine particles are
carried out of the fluidized bed by the upward flow of the fluid. The high bed pressure increases the density of
the autogenous heavy media developed inside the chamber. With the increase of the pulp density increases the
distribution of feed particles in the slurry; thereby increases the effect of hinder settling. With increasing the bed
pressure from 5 to 6 kPa, and pulp density of 30 to 50 % solids, yield to underflow increases. The effect was
found to be more dominant with the pulp density because the increase in the suspension density decreases the
void density, which in turn compresses the bed. Therefore, the effective separation was found at the level of 30%

PD, BP of 6kPa and teeter water flow rate of 18 Ipm.
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Fig.9: Interaction effect of bed pressure and pulp density on (a) underflow of FDS and (b) Fe-grade.
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3.4 Processing of underflow of Floatex Density Separator

As the major iron-bearing mineral in the dumped sample was hematite, having a minor amount of martite, there
is a possibility for further improvement of the quality of the product to make it useable for pellet feed. The
underflow obtained from FDS was ground to -150um. It was found from the particle size distribution (PSD) of
the groundmass of underflow that the weight percent of 106um fraction is about 54.6% and -10pum fraction is
about 17.4% out of 64.7% product weight. The ultrafine particles are detrimental to the separation process, and
thus, reduce the efficiency. It was discarded using hydrocyclone before subjecting to the magnetic separation for
Fe enrichment. The result of desliming of -150pum ground product of FDS underflow using hydrocyclone is given
in Table 5.

Table 5: Results of desliming at different pressures

Conditions Product Wt% WRO % Fe Fe Recovery, %
10 psi VF= 14mm, U/F 85.8 55.3 60.29 65.6
Apex= 6.5mm O/F 14.2 9.1 449 8.1
12 psi VF= 14mm, Apex= U/F 89.9 57.9 59.45 67.9
6.5mm O/F 10.1 6.5 45.2 5.8
14psi, VF= 14mm, Apex= U/F 93.4 60.1 58.96 70.0
6.5mm O/F 6.6 4.3 44.46 3.7

The diameter of the vortex finder and apex opening was kept constant based on the earlier experience and from
reported literature [17]. The effect of feed inlet pressure on the yield of the underflow and grade is shown in
Fig. 10. From these figures it can be seen that yield to underflow is increasing with pressure and the grade of
underflow is decreasing. This is due to the increase of the centrifugal forces generated by spin which forces the
coarser particles to move towards the wall of the cyclone. The 10psi feed pressure was found to be suitable to
remove the ultrafines in overflow with 44.9% Fe content as indicated in Table 5. The yield of underflow is 55.3%
with respect to the original feed, with an assay value of 60.29% Fe and Fe recovery of 65.6%. This de-slimed
material was used as feed for the wet high intensity magnetic separation (WHIMS).
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Fig.10: Effect of feed inlet pressure on underflow wt%.
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3.4.1 Processing of FDS-Underflow of by WHIMS

The underflow obtained from the hydrocycloning of the ground mass of FDS-U/F having grade 60.29% Fe was
fed to the high intensity magnetic separation (WHIMS). While conducting the experiments, the pulp density
of 10% solid and the matrix gap of 0.5mm were kept constant. The current intensity varied from 2A to 4A. As
the magnetic intensity is directly proportional to the current intensity, it changes the magnetic field intensity.
The effect of magnetic intensity on the yield of concentrate and grade is shown in Fig. 11. It is observed that
the yield of magnetic product was less at low magnetic field intensity as the highly susceptible (ferromagnetic)
materials having high Fe-content are attracted. At high magnetic intensity, the yield of concentrate is high with
a lower grade than that of concentrate at lower magnetic intensity. The condition with 3amp current (1.0 T
magnetic intensity) seems to be optimum condition where the product yield is reasonable with an optimum grade
of concentrate. The product weight% is 44.5% with 62.1% Fe content, and 37.8% yield with 63.4% Fe content.

2 Yeild M Fe-Grade

Wt (WRO)/Fe’ of Concentrate

T

1.003 1.171

Magnetic Intensity, Tesla

Fig.11: Effect of Magnetic intensity on concentrate yield and grade.

4. CONCLUSIONS

The present investigation highlights the response of the low-grade iron ore dumps having 49.62% Fe, 6.96%
Si0,, 9.94% Al1,0, and 7.65% LOI using a floatex density separator as a gravity concentrator at the initial stage
of processing, and its metallurgical performance has been studied using a statistical design of experiments. In
the sample, presence of main iron-bearing mineral phases like hematite, goethite, and a small amount of martite
favours the separation efficiency of FDS. It has been found that the teeter water flow is more prevailing than the
other variables like pulp density and bed pressure in the present investigation. The high teeter water flow keeps
the bed suspension and moves the lighter density particles to the overflow steam as a reject. The high bed pressure
of the slurry may not be effective for separation.

Because of the presence of some interlocked particles in the sample, Fe-content of the FDS underflow could be
improved up to 58.2% with a yield of 64.4%. Further size reduction of the underflow product to 150um improves
the liberation of gangue minerals and subsequent hydrocycloning produces a product with an assay of 60.3% Fe
with a mass of 55.3%. Further enrichment of Fe-grade by magnetic separation produces pellet grade feed. Thus,
processing of dumped low grade iron ore towards the production of value-added product has an enormous impact
on the environment and conservation of the resources.
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