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Induration of Indian Low Grade Iron m
Ore Pellets in a Pilot Heat Hardening L
System

G. M. Chowdhury, S. Sudhir, R. K. Ram, S. Dhara, and A. Mallick

Abstract Green pellet induration is generally conducted in travelling grate or grate
kiln furnaces where drying, firing and cooling are performed by direct contact with hot
gases with varying temperatures. Indian low grade goethite ore (FeO(OH)) usually
contains a high amount of chemically bonded water (approx. 6%). This chemically
bonded water gets suddenly released at a temperature between 350 and 450 °C.
Cracking and disintegration of some of the pellets are observed during induration. In
the present investigation a suitable induration cycle has been developed for pelleti-
zation of the Indian low grade goethite ore to produce the commercial grade pellets.
Green pellets with varying basicity of 0.1-0.6 were prepared in a laboratory disc
pelletizer and thereafter, drying, pre-heating and firing were conducted in a tailor
made laboratory scale horizontal zone furnace by varying the main process parame-
ters such as temperature and duration of soaking. Thereafter, the experimental data
were validated in a pilot pelletization system of capacity 60 kg per batch i.e. a straight
grate simulator. Pellets obtained by optimizing the process parameters exhibit the
properties like cold compressive strength, porosity, Reduction Degradation Index
(RDI), Reducibility Index (RI) etc. in line with the commercial grade pellets.

Keywords Goethite ore * Pellet induration + Cold compressive strength

1 Introduction

General depletion of good quality iron ores and increased demands of the industry
have motivated the researchers to utilize the low grade iron ore. The ore is pulverised
and beneficiated to enrich the iron content as per requirement. The beneficiated
micro-fines has the limited option to use in sintering process and pelletization is
the effective route for the utilization of these fines. Pelletization process involves
two steps, green ball preparation with the addition of binder followed by induration
of green pellets to impart mechanical strength into the pellets and to obtain desired
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metallurgical properties required for ironmaking processes. Indian low grade goethite
ore (FeO(OH)) usually contains a high amount of chemically bonded water (approx.
6%). This chemically bonded water gets suddenly released at a temperature between
350 and 450 °C. Cracking and disintegration of some of the pellets are observed
during induration. This significantly hampers the strength of the indurated pellet and
also the process yield. Pellet induration is generally conducted in travelling grate or
grate kiln furnaces [1] where drying, firing and cooling stages are performed by direct
contact with hot gases with varying temperatures. The mechanical strength of the
pellets is influenced by the residence time and temperature profile within the firing
zone. The residual moisture content also plays an important role when the pellets
place in the firing zone as the induration process starts after completion of the drying
stage. Therefore, drying of the green pellets is the main stage for the improvement
of production rate as well as pellet quality; and this stage is also reported to be
a major energy consumer [2, 3]. Patisson et al. [4, 5] reported that drying stage
consumes about 25% of the total amount of energy required for pellet induration.
Thus, minute development in the drying stage can result in substantial savings for the
pellet producer for both capital and operating costs [2]. Several investigations [1-6]
also investigated on the induration of iron ore green pellets. Influence of basicity and
flux addition on the properties of iron ore pellets have also been reported by some
investigators [7-9]. However, most of these studies are related on either with total
induration process or modeling on the induration process. Comparatively few studies
[6] have been investigated on the drying stage of the induration process. No study
is reported on the pilot scale induration process of the green pellets. In the present
study, an attempt has been made to show the effect of basicity on the properties of
the roasted iron ore pellets in a pilot scale system.

2 Experimental

Iron ore concentrate of average size less than 100 um was generated through bene-
ficiation of goethite ore of Bolani iron ore mines. Green pellets of size 9-16 mm
were produced in a laboratory disc pelletiser of 1 m diameter using the ore fines of
minimum blaine value i.e. degree of fineness of the iron ore of 2000 cm?/g with 0.6%
bentonite as binder and with varying basicity (CaO/SiO;,) level of 0.1-0.6. Limestone
and coke fines (0.8%) were used as additives. Chemical analyses of beneficiated iron
ore, bentonite, limestone and coke fines are given in Table 1.

The thermo-gravimetric differential thermal analysis (TG-DTA) of the iron ore
is shown in Fig. 1. It is observed that the mass loss i.e. Lol of the ore is 7.1%.

A schematic of the experimental setup used to study the induration of the green
pellets is shown in Fig. 2. This is a tailor made horizontal zone furnace. The Furnace
has different Heating Zones (isothermal zones) of 200, 1000 and 1400 °C designated
as drying zone, pre-heating zone and firing zone, respectively. There is a separator
between each zone. Separate control system as per required temperature zone with
temperature and time variation has been maintained in the furnace. Furnace has
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Table 1 Chemical analysis of beneficiated iron ore, bentonite, limestone and coke fines

Materials | Fe SiOz, | Al203,% |NayO, |K;O0 |Ti02, |CaO, |MgO, |Lol, %
Total,% | % % % % % %

Iron ore | 60.28 3.16 3.47 - - - - - 7.10
Bentoniite | 6.87 40.39 |16.23 3.84 0.79 |1.79 0.92 2.31 120.82
Limestone | 170 139 0.65 0.02 0.04 |0.02 |38.72 |12.87 |43.76
Coke fines | 6.34 5.48 2.88 0.08 0.24 1032 |0.72 020 78.90
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Fig. 1 TG-DTA analysis of beneficiated goethite ore
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rectangular c/s of 120 mm x 150 mm and a depth of 1600 mm. The temperature of
the furnace can be varied at any temperature between 50 and 200 °C for drying zone,
between 50 and 1000 °C for preheating zone, between 50 and 1400 °C for firing zone
with =+ 10 °C accuracy. In the present study the drying, preheating and firing were
conducted at 120 °C, 900 °C and 1350 °C, respectively.

Thermocouples in different zones are placed at the centre of each zone. Heating
element used as Kanthal Tubular for drying zone, Kanthal Globar SD elements
(silicon carbide) for pre heating zone and Kanthal Super for firing zone. Kanthal
is a heating element of Fe—Cr-Al alloy with Fe-73 wt%, Cr-2 wt% and Al-6 wt%.
The doors are front opening type, insert-type, swing-aside, facing away from the
operator in any position. There is an arrangement of pushing the trolley which moves
on silicon carbide embossed rail by a lever. It carries and also transfers the special
designed ceramic tray with materials between the different temperature zones. One
scale type zone indicator is introduced to know the exact work zone of the material.
The experimental data were validated in a pilot scale pellet heat hardening system of
capacity 60 kg per batch. The schematic representation of the pilot heat hardening
system is shown in Fig. 3.

The Cold Crushing Strength (CCS), Porosity, Reducibility Index (RI), Swelling
Index (SI) and Tumbling Index (TI) of the roasted pellets were also measured in the
laboratory. The porosity of the roasted pellets was conducted by mercury intrusion
porosi-meter (Model: AMP-30 K-A-1, Make: Porous Materials Inc., USA).

To l
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Fig. 3 Schematic representation of the pilot pelletization system
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3 Results and Discussion

Figure 4 shows the variation of CCS values as function of basicity (CaO/SiO; ratio)
of the heat hardened pellets. It is noticed that with increase in basicity the CCS values
get improved and it becomes maximum at basicity level 0.3. An interesting result
is found that on further increase in basicity level the CCS values get reduced. The
silicate melt usually acts as a bonding phase in the fired pellets and the amount of
this phase gets increased with increasing CaO content in the limestone fluxed pellets
[8]. On the other hand, FeO content of the silicate melt is found to decrease with
higher basicity of pellets [9]. In the later stages, low strength silicate melt phase is
formed and reduction in CCS values is observed [9].

In Fig. 5, the results of Reducibility Index (RI) values have been plotted against
different basicity values. The effect is likely same as noticed in Fig. 4 i.e. with
increase in basicity the RI values get improved and it becomes maximum at basicity
level 0.3. It is also found that on further increase in basicity level the RI values get
reduced. Pellets with 0.3 basicity exhibits highest RI [appox.68%RDI]. This may

Fig. 4 Effect of basicity on 250
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be due to the formation of more hematite bonds and less silicate bonds. In the later
stages i.e. with higher basicity values, amount of slag bond increases and hematite
bond decreases [8]. It is reported that higher amount of stable bonding phases like
silicates and its better distribution are accountable for the improved RI values of the
fluxed iron ore pellets as the silicate phases are comparatively more stable than the
oxide phases like hematite [9].

The variation of porosity as a function of basicity is shown in Fig. 6. It is observed
that with increase in basicity the porosity values get improved and it achieves the
highest level at basicity level 0.3. It is also found that on further increase in basicity
level the amount of porosity gets reduced. Actual fact is that higher amount of
recrystallization bonding resembles the formation of higher amount micro-pores.

At a basicity level of 0.3, the amount of slag bond and recrystallization bond get
optimized and exhibits the good amount of porosity. On later cases i.e. with higher
basicity values the slag bond predominates and porosity gets hampered.

The influence of basicity on tumbler index has been described in Fig. 7. Itis noticed
that the tumbler index increases initially with the increase in basicity; thereafter, it

Fig. 6 Effect of basicity on 30
porosity of hardened pellet
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Fig. 8 Effect of basicity on 20
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becomes almost constant in the later stages. This may be due to slag bonding which
affects the physical strength of the pellet. Higher basicity implies higher amount of
slag bonding which imparts more strength to the pellet.

The effect of basicity on swelling index is shown in Fig. 8. It is noticed that
the swelling index increases initially with the increase of basicity; thereafter, it gets
reduced in the later stages. This may be due to the change in reducibility of the pellets
which is explained in Fig. 5. Higher basicity implies higher amount of slag which
hampers the swelling as well as the reducibility of the pellets.

The results of different tests conducted after hardening of the pellets i.e. CCS,
Porosity, RDI, RI are highlighted in Table 2. The comparative study between bench
scale and pilot scale has also been shown in Table 2. Pilot scale study results in
higher CCS value and the pellets also exhibit better properties (porosity, tumbler, RI,
etc.) compared to the laboratory scale study. This may be due to better rate of heat
transfer from the pellet surface to interior which in turns results in superior properties
of the roasted pellets. It is also revealed that pellets obtained in pilot study exhibit
the properties in line with the commercial grade pellets.

Table 2 Salient properties of

. Pellet Bench scale Pilot scale Commercial
iron ore pellets .
properties grade
CCS, kg/pellet | 220 240 230-260
Porosity, % 24 27 25-30
Tumbler 93 35 >05
Index, %
Reducibility 65 68 65-70
Index, %
Swelling 15 18 15-20
Index, %
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4 Conclusions

The experiments have been carried out in a laboratory raising hearth furnace followed
by validation in the Pilot Pellet Heat Hardening System.

Pilot scale study results better properties (CCS: 240 kg/p, Porosity: 27%, Tumbler

Index: 95%, Reducibility Index: 68% and Swelling Index: 18%) compared to the
laboratory scale study.

Pellets obtained in pilot study exhibit the properties in line with the commercial

grade pellets.

References

1. Meyer K (1980) Pelletizing of iron ores. Springer., Berlin

2. Clark KN (1981) Iron ore pellet drying mechanisms under the heating conditions encountered
in a straight-grate indurator. Trans Inst Min Metall C 90C:C66—-C72

3. Thurlby JA, Batterham RJ (1980) Prediction of drying and spalling behaviour of hematite pellets.
Trans Inst Min Metall C 89C:C125-C131

4. Patisson F, Bellot JP, Ablitzer D (1990) Study of moisture transfer during the strand sintering
process,.Metall Trans B 21B:37-47

5. Patisson F, Bellot JP, Ablitzer D, Marli E, Dulcy C, Steiler JM (1991) Mathematical modeling
of iron ore sintering process. Ironmaking Steelmaking 18(2):89-95

6. Ball DF, Dartnell J, Davison J, Grieve A, Wild R (1973) Agglomeration in iron ores. Heinemann
Educational Books Ltd., London

7. Zhu D, Zhang F, Guo Z, Pan J, Yu W (2017) Grate-kiln pelletization of Indian hematite fines
and its industrial practice. Int J. Min, Metall, Mater 24:473-485

8. Dwarapudi S, Sekhar C, Paul I, Prasad YGS, Modi K, Chakraborty U (2016) Effect of fluxing
agents on reduction degradation behaviour of hematite pellets. Ironmaking Steelmaking 43:180—
191

9. Dwarapudi S, Banerjee PK, Chaudhary P, Sinha S, Chakraborty U, Sekhar C, Venugopalan T,

Venugopal R (2014) Effect of fluxing agents on the swelling behavior of hematite pellets. Int J
Miner Process 126:76-89



On the Relationship Between Surface m
Microhardness and Roughness Produced | <@
by MAF Process

Shadab Ahmad, Rajneesh Kumar Singh, Ranganath M. Singari,
and R. S. Mishra

Abstract Owing to the MAF process’s capabilities for its efficient surface finishing,
it is essential to understand the parallel quality of different response parameters
and their interdependency. This paper focuses on identifying a relation between
surface hardening and roughness induced by the MAF process. In this research
work, the influence on micro-hardness from the value of surface roughness has been
studied. The different experimental conditions are applied to Ti-6Al-4V specimens
treated using a pulsating DC-MAF machining set-up, and Material removal was
done using loosely bonded magnetic abrasive media. The surface roughness and
microhardness share significant interdependency, represented by a graph showing
the best relationship between surface microhardness and roughness.

Keywords Magnetic abrasive finishing + Surface roughness + Microhardness *
Desirability function analysis + Genetic algorithm

1 Introduction

The magnetic abrasive finishing (MAF) process has proven to be extremely useful for
the modification of surface integrity of advanced materials such as metal-composites,
superalloys and ceramics [1]. In this, the magnetic field is used for controlling the
flexible magnetic abrasive brush (FMAB), which removes material from the intended
surface. FMAB is made of magnetic (ferrous) and abrasive (alumina) particles. To
achieve finishing, these magneto-abrasive particles are positioned in the machining
gap (between the magnetic poles and target surface) [2]. Beneath the influence of
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a magnetic field, these particles are rearranged to form the FMAB, whose strength
depends on the intensity of the magnetic field in the machining gap. The relative
motion between the FMAB and the target surface results in the desired finishing [3,
4]. The FMAB behaves akin to a multi-point cutter and the material is removed from
the finished surface in micro to nano-chips [5]. The heat generated during finishing
is a result of the plastic deformation, fracture and frictional heat [6]. This heat,
that’s generated during MAF, acutely impacts the surface integrity, morphology and
metallurgy of the target surface. Numerous attempts were made by researchers to
accurately forecast the surface temperature and characterize its impact on the finished
surface [7, 8].

Surface integrity also affects the hardness of the surface [9]. In MAF, this increase
in temperature is responsible for a change in the hardness of the target surface and this,
in turn, leads to an improvement in its tribological properties—hence, it is crucial for
MATF to be done at optimal conditions to obtain the best possible result. It is impos-
sible to avoid counter effects on hardness change along with roughness change, so the
trade-off between minimizing roughness while improving surface hardness has been
explored in this paper [10]. Yin et al. studied the effect of ultra-high-speed magnetic
abrasive surface micro machining (UHSMAM) on the plastic strain and strain energy
of the AISI machined surface [11]. Vahdati and Rasouli evaluated the effect of the
various parameters of MAF on the surface finishing of Al-alloy and compared the
RSM simulation of the same with the experimentally obtained results [12]. Singh
et al. used a semi-empirical dimensional model vis-a-vis the Buckingham w-theorem
for the evaluation of the impact of various process variables on the increase of surface
temperature of the finished surface [13]. S. R. Bhagavatula and R. Komanduri found
during chemomechanical polishing that, the solid-phase reaction takes place between
the workpiece and abrasive because of elevated temperature and pressure produced
primarily by frictional heat during the finishing of the surface [14]. To divulge the
impact of the MAF process on the hardness of the target surface, M. Naif investi-
gated the effect of using MAF for finishing on the hardness of the brass plate [15].
A regression analysis was done by him for the prediction of the most significant
process variable affecting the response parameters. The hardness increased when
the powder volume and coil current increased and decreased with an increment in
working gap and rotational speed. Moreover, Shather et al. experimentally studied
the effect of design and process factors on the mechanical properties of the MAF-
finished surface [16]. Ahmad et al. used ANN-GA for the modelling and optimization
of MAF of stainless steel SS302 and compared it with the Taguchi-ANOVA analysis
of the same. The machining gap, voltage, abrasive size and rotational speed were
considered as the input parameters for studying the response parameter of surface
roughness [17]. Ali Tavoli et al. employed the ‘group method of data handling’
(GMDH)-type neural networks-GA and NSGA-II with Pareto-based optimization to
construct a multi-objective optimization (MOO) model of abrasive flow finishing for
brass and aluminum samples’ material removal and surface finish. Such a combined
application has led to the discovery of useful and interesting design relationships
[18]. Recently, a hybrid MOO technique was developed by Singh et al. by using the
Moth flame optimization on an ANN. Their key findings were that a better surface
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finish and hardness could be obtained by minimizing the voltage and working gap
[19].

The novelty of this paper lies in the exploitation of the benefits of surface finish
improvement and parallel effects on microhardness change in the process. Taguchi
analysis is used to discover the effect of process parameters on responses. The arti-
ficial neural network (ANN) is used to model the multi-response data, regression
analysis also, ANN model is used to find the correlation between change in the
microhardness and change surface roughness in during Magnetic Abrasive Finishing
(MAF).

1.1 Magnetic Abrasive Finishing (MAF) Process

MAF is a finishing procedure used to boost the surface texture and quality of flat
surface or cylindrical surface externally and internally [20]. MAF is a highly desirable
process in the industry given its flexibility to work with a substrate irrespective of
its physical and mechanical properties. Workpiece material may consist of alloys,
composites and ceramics etc., [21, 22]. Traditionally, the MAF process consists of
magnetic abrasive particles (MAPs) which, below the impact of a magnetic field, act
as multi-faced cutting tools and erode the material from the surface of the materials
(MAPs are made of ferromagnetic material and hence can be controlled using a
magnetic field). The material removal depends heavily on the finishing pressure,
which is under the impact of a magnetic field [23]. The schematics of the MAF
process is demonstrated in Fig. 1, the equipotential lines representing that magnetic
abrasives assembled on the work surface to abrade the material [6]. The rotational
motion results in a cutting force parallel to the surface of the workpiece, and the
penetration of the abrasives within the workpiece is reliant on the normal force
created by the magnetic field intensity [24]. The MAPs are generally sintered or

Generated Magnetic Field Abrasive shearing mechanism b
Ferromagnetic particle ?

Equipotential

Abrasive particle -
magnetic lines /

Ratating
Iron core

Chip formation

Copper wire
winding

F . = Magnetic force
F, =Cutting force

Fig. 1 Schematic diagram of the MAF process with loosely bonded magnetic abrasive media [6]
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lubricant based [25]. The MAPs are magnetically arranged with each other along the
line of the magnetic force [8].

2 Materials and Method

2.1 Material and Tools

Ti—6Al-4V/Titanium (Grade-5) (composition mentioned in Table 1) was the work-
piece material for the analysis of MAF process. Magnetic abrasive media did the
shearing operation for the removal of the material from the targeted surface as
microchips [26]. The constituents of Magnetic abrasive media were Silicon carbide,
and iron powder mixed together with lubricant oil in weight ratio as mentioned Table
2. An electromagnet attached to a lathe tool post—attached to a pulse DC controller
(‘pulse on time’” = 60 ms, ‘pulse off time’ = 30 ms)—produces a pulsating magnetic
field, as displayed in Fig. 2. Many individual control variables influence the func-

Table 1 The weight percent of material composition (Ti—6Al-4V)
Elements Ti \'% Al Fe Mn Zn Mo
% weight composition 92.04 443 3.01 0.33 0.19 0.031 0.026

Table 2 Composition of magnetic abrasive media

Constituents % weight concentration Mesh size
Iron powder 60 50 40 30 300
Abrasive (SiC) 40 50 60 70 400
lubricant 10-20% of the total -

Motcn for Edrvating Sarw

I | — Ebevating Screw

Fig. 2 Machining setup schematic and physical (electromagnet mounted on a radial drill)
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tioning of the MAF process, including current, working gap, tool speed (rotational
speed), abrasive composition.

3 Experimental Details

The Taguchi technique is a dominant instrument for the controlled design, arrange-
ment, and collection of experimental data. It, further, informs us of the influence
of process parameters on some basic variables for the design of successful systems
and exposes the impact of unregulated variables at the same time [27]. The response
parameter was, ‘change in Surface Roughness’ (ARa) in “um” in ‘change in the
microhardness’ (AHV) in Vickers hardness. Numerous researchers have used this
approach successfully to explain the final results during the MAF process [15, 28,
29]. The control variables, their units, meanings, and levels are displayed in Table 3.
The experimental data presented in Table 4 and observations were arranged according
to the DOE of ‘L¢ orthogonal array’—with four inputs parameters and two outputs
responses. The input parameters were current, working gap, and tool speed abrasive
composition. Time of finishing for every experimental run was 15 min.

In the present research investigation, an electromagnet with a pole connected
by a DC pulse source of power (30 ms off time and 60 ms on time) attached to
the radial drill, the MAF set-up schematic and physical form is shown in Fig. 2.
The electromagnet was provided a different current combination which generates
a magnetic field with varying intensity at the pole end face. Slowly inserting the
abrasive magnetic media in presence of the magnetic field in the machining gap, the
FMAB was formed as shown in Fig. 3. First two images in Fig. 3 shows that in absence
of lubricant oil and in the third image lubricant was mixed in the abrasive mixture to
hold the abrasive and iron powder together. The Surface Roughness (Ra) in “um” in
the microhardness (AHV) in Vickers hardness was measured using “Taylor Hobson
Precision Surtronic 3+ surface roughness tester” and “Fischer scope HM2000 S”.

Table 3 Parameters, units, definition, and levels

Parameters Units | Description Levels
1 2 3 4

Current (X1) Amp Current input to the 0.8 1.2 1.6 2.0
electromagnet

Machining gap (x2) mm Separation between tool | 1.5 20 |25 |[3.0
and workpiece

Tool speed (x3) rpm The relative motion of | 112 150 220 |300
workpiece and tool

Abrasive composition (x4) | wt. % | Magnetic abrasive 40 50 60 70
media composition
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Fig. 3 FMAB and media on the workpiece without the magnetic field

This “Fischer scope HM2000 S” works as per the ISO 14577-1 and ASTM E 2546
standards. Furthermore, it measures the factors in micro and nanometer range.

4 Results and Discussion

The values of the output parameters obtained after each experiment in the design of
the experiment table are given in Table 4. Taguchi analysis was done to decide rank
wise effect of variables on outputs, regression done to understand trend between
outputs. The ANN models developed were used to predict the output for various
input sets.

4.1 Taguchi Analysis

In order to analyze the process quality and its properties, the S/N ratio (SNR) of
the experimental data has been determined here. Based on the SNR, the control
factors/variables have been ranked and shown in Table 5. From Table 5, clearly, the
most influential factor that influenced the ARa is machining gap and followed by
current, then by tool speed and abrasive composition, respectively. Also, the main
effects plot (Fig. 4) shows the variations in the SNR, where the most influential

Table 5 Response table for S/N ratios-larger is better AR,

Level X1 X) X3 X4

1 —23.5 —19.18 —21.83 —20.33
2 —22.08 -21 —-21.82 —-21.27
3 —20.5 -21.91 —21.39 —21.84
4 —19.52 —23.52 —20.57 —22.16
Delta 3.98 434 1.26 1.82
Rank 2 1 4 3
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Main Effects Plot for SN ratios
Data Means

current speed comp

33 \/\

24

Mean of SN ratios

08 12 16 20 15 20 25 30 112 150 220 300 40 50 60 70

Signal-to-noise: Larger is better

Fig. 4 Main effect plot for SN ration for AR, (jum)

parameter is the machining gap and then current, abrasive composition and tool
speed are 1.5 mm, 2 Amp, 40 wt% and 300 rpm respectively.

Also, it is seen that in the case of change in microhardness of the sample that the
most influential parameter that affects the AHV is working gap and then current,
followed by tool speed and abrasive composition, respectively. The changes in S/N
ratio are displayed in ‘main effects plot’ (Fig. 5) where the most influential parameter
is machining gap and then current, abrasive composition and tool speed are 1.5 mm,
2 Amp, 40 wt% and 300 rpm respectively. Based on S/N ratio, a rank of control
factors is displayed in Table 6.

Main Effects Plot for SN ratios

Data Means
current speed comp

39

38
0
0]
=
c 37
z
w
k]
c
& 36
]
=

35

34

0.8 30 12 150 220 300 40 50 60 70

Signal-to-noise: Larger is better

Fig. 5 Main effect plot for SN ration for AHV
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Table 6 Response table for S/N ratios-larger is better AHV

17

Level X1 X2 X3 X4

1 34.13 38.54 35.11 37.93
2 35.66 37.04 35.89 36.47
3 37.57 35.86 36.55 36.1
4 38.14 34.06 37.95 35
Delta 4.01 4.48 2.84 2.93
Rank 2 1 4 3

4.2 Regression Analysis and Linear Regression Model (AHV
vs. ARa)

The linear regression equation was developed from set values of the machining gap
and then current, abrasive composition and tool speed using MINITAB 17 software.
To forecast AHV, however, a linear regression model was attained as Eq. 1. The
developed model offers a linear dependency. Table 7 represents analysis of Variance
between AHV versus ARa.
The linear dependence between the value of ‘change in surface roughness’ ARa
and ‘change in microhardness’” AHV was obtained where ARa is in pm.
AHV = —7.37+ 866.5AR, (1)
Based on the above Eq. 1, a relation has been shown between ARa and AHV.
Given the points on the ‘normal probability plot’ in Fig. 6, the model derived using
Eq. 1 for the prediction of AHV were found to be satisfactory. Figure 6, indicates
the estimated linear pattern with a slight disintegration of the normal distribution. In
Fig. 6, arandom pattern shows the plot of residuals versus fitted value, indicating that
residuals have roughly constant variance, and ‘residuals versus order plot’ indicate
that the collected information can be employed to detect the non-random error. In

Table 7 Analysis of variance

Source DF Adj SS Adj MS | F-Value P-Value
Regression | 1 9570.5 9570.48 |261.49 0

ARa (um) |1 9570.5 9570.48 |261.49 0

Error 14 512.4 36.6

Lack-of-fit | 13 511.3 39.33 3543 0.131
Pure error | 1 1.1 1.11

Total 15 10082.9

Model summary

S R-sq R-sq (adj) R-sq (pred.)

6.0498 94.92% 94.56% 94.01%
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Residual Plots for AHV

Normal Probability Plot Versus Fits
99
L]
10 .

20
€ R .
$ so 3 o % o o
) g 0 0]
[-%

o . ’
10 3 tHy
1 -10 °
-10 0 10 40 60 80 100 120
Residual Fitted Value
Histogram Versus Order
48
10

o 36 -
- g °
3 el
o 24 2 0
2 o

12 -5

0.0 | | -10

-10 -5 0 5 10 12345 67 89101 1213141516
Residual Observation Order

Fig. 6 Residual plot for AHV taking ARa as predicting factor

Fig. 6, the ‘frequency versus residual plot’ as there were slightly less outliers, supports
the finer data variation; nevertheless, the histogram is negatively biased, indicating
that the original findings have more weight on overall performance. Figure 7 shows
scatterplot with trend line for AHV versus ARa.

Scatterplot of AHV vs ARa (pm)
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Fig. 7 Scatterplot with trend line for AHV versus ARa
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4.3 Data Modelling with Artificial Neural Network

The ‘change in Surface roughness’ (ARa), ‘change in the Microhardness’ (AHV),
values between the initial and final surfaces are modeled using artificial neural
network. The ANN models are developed individually for modeling ARa, AHV.

In this section, modeling for the MAF process using ANN architecture with a
backpropagation algorithm was used precisely its output concerning input parame-
ters. Modeling the ANN works in stages: training, testing, and validation [17, 19].
The program codes were written for that purpose in MATLAB. Experimental data
was trained in the ANN architecture, which is shown in Table 8. The neural network
contains three different layers of neurons, out of which the first layer includes neurons
corresponding to input parameters [30]. The 1st layer being the input layer, contains
‘5’ neurons corresponding to each of the input variables; the 2nd layer is called the
hidden layer. It has 10, 15 neurons, respectively, for (ARa) and (AHV) as shown
in Table 8. The 3rd layer has ‘1’ neuron corresponding to the single output value.
For the present data outputs, the Levenberg—Marquardt training method was used for
quick supervised learning is easy, safe, and computationally less expensive because
of its adoptive learning and no-line search technique [31]. The transfer function
selected for the hidden layer and output layer was Log-sigmoid and Tan-sigmoid,
respectively, which were calculated as given by Eqgs. (2) and (3) [32-34].

2
tansig (n) = m -1 )

1
logsig (n) = Tren (3)

where n is input for the function (Fig. 8).

The ANN predicted, and experimental values ARa, AHV, to a very high degree
with one another, and it is visible from Fig. 11. The weight and bias of the developed
network are stored after confirming with this high degree of maximum error. ANN
architecture presented in Table 4 and the developed Neural Network architecture is
shown in Fig. 5. Based on the network output after exhaustive trails, the number of
the hidden layers and the number of neurons in each hidden layer were selected.

Table 8 ANN architecture

X . Input Output ANN architecture
for input to output modeling

X1, X2, X3, X4, X5 AR, 5-10-1
X1, X2, X3, X4, X5 AHV 5-15-1
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Fig.8 RMSE chart for the selection of appropriate neurons used for the purpose of network training

Network efficiency was determined by percentage error [30, 35]. The percentage
error was measured as Eq. (4) and the values determined are shown in Table 5. It
is therefore guaranteed that the relationship between the values of input and output
has been effectively learned by the developed ANN model. It can thus be used to
optimize the operation (Figs. 9, 10 and 11).

(Experimental value — ANN predicted value) x 100
Percentage error =

Experimental value

“4)

Input layer neurons

Hidden layer newrons
Fixed input=Bias;

X3 @— rotational
Xs —» abrasive comp.

Input layer Hidden layer Output layer

Fig. 9 ANN architecture
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ANN Training regression for AR, ANN Training regression for AHV
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Fig. 11 Comparison of experimental and ANN predicted responses

4.4 Relationship Between Surface Microhardness
and Roughness

The experimentally determined change in microhardness and change in roughness
values are compared with predicted regression and ANN model values (Fig. 12).
Comparison of ARa and AHV relationship, Fig. 12a shows regression scattered
diagram based on experimental values and Fig. 12b shows ANN trained pattern
between outputs. It is found, that given ANN model are within the range they were
allowed to change, the ANN model is able to predict their values with a satisfactory
efficiency. Compared to the regression model, the findings of the ANN model show
it to be significantly more robust and reliable in estimating the values of change
in microhardness; it can be used to model any production process. The proposed
methods of prediction of results show how the use of this process can be expanded
by changing variables for particular machining conditions within the constraints.
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5 Conclusions

The use of ‘Design of Experiments’ (DOE) to perform experiments has been outlined
in this paper. The predicting ability of two revolutionary models—‘regression and
artificial neural network’ (ANN) to predict the relationship b/w change in micro-
hardness and change in roughness has been presented in this paper. Experiments
were performed to determine microhardness and surface roughness effect in a MAF
process for machining Ti—-6A1-4V using SiC based magnetic abrasive media on the
DOE technique. In order to build a ‘regression model’ and ‘feed forward back prop-
agation artificial neural network model’ for the forecasting, the experimental values
were used. Following conclusions can made.

(a) Taguchi analysis predicted the SN ratio and effect of variable factor rank wise.

(b) The ANN model, which has been developed, can predict ARa and AHV.

(c) Change in Microhardness increases with change in surface Roughness i.e.
(level of finishing).

(d) Loosely bound magnetic abrasive media is a reasonable abrasive media for the
finishing of Ti—-6A1-4V by the MAF process. The composition of ferromagnetic
material and abrasive particles in the media is determined to be critical for the
desired finishing quality.

(e) The ANN model, which has been developed, can be used to optimize the MAF
process concerning ARa and AHV.
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Heat Treatment Effect on the Corrosion )
Behaviour of Plasma Processed LM6 s
Alloy

Jagadish Parida, Subash Chandra Mishra, and Ajit Behera

Abstract Al-alloys are always used increasing in marine environments because of
their better resistance, low density, good mechanical properties, excellent castability
and fluidity. In this work, the study on the corrosion behaviour of LM6 alloy is
prepared by the plasma melting method. Some of the alloy samples were heated
at temperature 350 and 450 °C for 2 h then water quenched. All the alloy samples
(both H.T and non-H.T) are exposed to seawater for 42 days, and then every 7 days
measured the weight gain/loss. The microstructure, hardness and corrosion behaviour
of the H.T and non-H.T corroded samples comparative study were carried out. The
composition and morphology of corrosion products were examined with the help
of an optical microscope, SEM and XRD. The results indicated that 450 °C H.T
samples have lower corrosion rate values and higher hardness value than 350 °C
H.T and non-H.T samples. Optical micrographs show that the size and number of
isolated surface pits formed on H.T 450 °C alloy samples are less as compared to H.T
at 350 °C and non-H.T alloy samples. 450 °C H.T samples exhibit more corrosion
resistance than 350 °C H.T and non-H.T samples due to the heat treatment effect
on the alloy samples. The pitting corrosion mechanism gets from the experimental
investigation.

Keywords LM6 alloy - Weight gain/loss + Water quenching + Corrosion rate *
Pitting corrosion + Plasma technique
Nomenclature

H.T Heat-treated
non-H.T Non-heat treated
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1 Introduction

Mostly in marine environments, aluminium alloys are used due to their attrac-
tive properties like lightweight, high strengths, recyclability, good formability, heat
and light reflectivity, electrical and thermal conductivity, corrosion resistance, non-
magnetic behaviour etc. [1, 2]. Also, Al-Si alloy is used in this field because of its
above specific properties. The properties of Al-Si alloys depend on the volume frac-
tion, discrete physicochemical properties and main phase ingredient, i.e. Si crystals
and a-Al solid solution and secondary phase’s morphology. Very low solubility of
Si than Al. So Si precipitates as pure Si in a coarse flake shape, due to this inhomo-
geneous chemical and mechanical properties [3]. The usage life of the engineering
component depends on service temperature and environmental conditions factors etc.
[4, 5]. Corrosion is a natural process in which a more chemically stable form, i.e. its
oxide, chloride, hydroxide and sulfide formed from refined metal. During this process
gradually materials destruction by electrochemical and chemical reaction with their
environment [6]. Significantly corrosion behaviour is affected by the presence of
the particle in the matrix of aluminium alloys [7]. Many factors like temperature,
Oxygen, chemical salts, pollutants and humidity etc. that influence metal corrosion.
The climate plays a crucial role among the different ingredients affecting the corro-
sion rate [8, 9]. Increasing temperature leads to change two variables such as: (1) the
reaction rate and diffusion rate of oxygen form accelerate by increasing the molecular
diffusion coefficient. (2) the oxygen solubility decreases [10]. Aluminium corrosion
resistance means Al-oxide film that forms on its surface [11, 12]. When aluminium
immersed in water usually passive film formed on the body [13]. Passive film natu-
rally formed in seawater but due to the chloride ion, breaks down protection film and
slowdown its repair. Generally, corrosion in aluminium metal/alloy, either pitting
and crevice types or both in seawater. Localized corrosions depend on low values
of weight loss and corrosion rate. Therefore according to aluminium, corrosion is
determined based on pits depth measurement and crevice corrosion but not calculated
corrosion rates from weight losses value [14]. Al-forms a protective film of oxide in
the 4.0-8.5 pH order, but this depends on the substances present, type of oxide present
and temperature that form insoluble salts or soluble combination with Al. it shows
that the oxide film is soluble at pH values >8.5 and <4.0. However, it has declared
the aluminium pitting potential in chloride solutions to be independent relatively of
pH in the order 4-9 [15]. It recommend that corrosion mostly occurs in these areas
due to silicon particles presence acting as a local cathode w.r.t the eutectic Al-phase
due to proceed localized corrosion through the eutectic areas [16, 17]. Corrosion of
Al-alloys in the marine atmospheric environment is not only affected by the high salt
proportion but also by a mix of pollution factors and meteorological [18]. Nishimura
et al. establish that in such environments, the high salinity and relative humidity are
supporting; the higher humidity, the greater availability of CI-1 to cause the Al-alloy
corrosion [19].

LM6 (Al-12%Si) alloys can be prepared by different casting processes. Plasma
casting technologies are advanced stir casting process which is the most efficient
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Fig. 1 Pitting corrosion mechanism of aluminium [20]. Copyright 2004, Elsevier

and economical process for the production of Al-Si alloy products. Advantage of
this process over other is finer microstructures, better properties, high efficiency,
short times and high cost. The objective of the research is to investigate the corrosion
resistance of plasma processed LM6 alloys in seawater (it was collected directly 4 km
away from the coastal sea shore of Puri, Odisha) and also focus on the characteristics,
formation condition and morphology attack on alloy surface exposed to seawater.
Afterevery 7 days up to 42 days in seawater immersion of the sample and its corrosion
data taken was used for weight gain/loss calculation, corrosion rate determination
and hardness measurement. Also analysis SEM, XRD and optical microscopy of the
corroded alloy samples which is kept 42 days in seawater (Fig. 1).

2 Experimental Work

In the present work, LM6 alloy was cast with the help of a plasma melting process
in an induction heating furnace. The alloy chemical composition, which is used in
research work, was shown in Table 1. Eighteen numbers sample cut having equal
size and shape from LM6 alloy ingot. Six no’s sample were H.T at a temperature
of 350 °C and also six no’s samples at a temperature of 450 °C for 2 h in a muffle

g‘c?rlr)ll;otitico}r:e(f?lt;? LM6 alloy Elements Composition (wt. %)
Silicon 12
Manganese 0.5
Magnesium 0.1
Copper 0.1
Iron 0.6
Aluminium 86.7
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furnace, then both were water quenched at room temperature. Before corrosion exper-
iments, the sample was polished using SiC paper and subsequently polished using a
sequence of emery paper (i.e. 1/0, 2/0, 3/0 and 4/0). Then fine polishing was carried
out with the help of a velvet disc polisher (alumina slurry used) and finally after
that clean the sample. The entire (both H.T at 350 and 450 °C and non-H.T) alloy
sample is weighted (initial weight) in electronics weighing machine with an accu-
racy of 0.001 mg then kept in seawater for 42 days. Every 7 days, samples were
taken from prepared closed vessels (glass containers) having 100 ml capacity then
samples are drying (hot air) with the help of a hot dryer then weighed (final weight).
After weighting, it compared with the initial weight, the difference indicating the
weight gain/loss during that exposed period. Then the weight gain/loss and corrosion
rates were calculated. The microstructures of all samples were characterized using
scanning electron microscopy and optical microscopy. Measured Hardness value
(average value taken for three different test places) using micro Vickers hardness
testing machine having a load of 25 kg-f and time 10 s.

The corrosion rate in millimetres per year (mmpy) was calculated from the weight
gain/loss using the formula:

Weight gain/loss (AW) = Wpiia — Werinal (1)
Corrosionrate = (K x AW)/(A xD xT) 2)

where

Whitiar = Sample initial weight before immersion, Wy, = Sample final weight
after exposure, AW = Weight gain/loss (gm), K = Constant = 87,600 mmpy, D =
Alloy density (gm/cm?) [non-H.T = 2.591 g/cc, 350 °C H.T = 2.61 g/cc and 450 °C
H.T =2.613 g/cc], A = Area (cm?) and T = Exposure time (hrs).

3 Results and Discussion

3.1 Weight Gain/Loss and Corrosion Rate Determination

Figure 2a show weight gain/loss (AW) of alloy sample is evaluate using (1) as a
function of times of immersion in days for LM6 alloy in seawater for non-H.T and
H.T at 350 and 450 °C. It is notice that weight gain/loss was values higher non-H.T
in comparison to 350 and 450 °C H.T samples. Results show that sample weight
gain at the initial stage up to 21 days because weight gain due to the formation
of the passive film on the surface top (i.e. compound formation takes place on the
surface) of the samples. But from 21 to 28 days, weight losses takes place because of
temporary corrosion attack in the sample so diffusion of corrosion compound from
the surface of the sample. But then again weight gain occurs from 28 to 42 days
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Fig. 2 Graph between a weight gain/loss of sample versus no of days exposed to seawater and
b corrosion rate versus no of days exposed to seawater

because a chemical compound is again formed on a surface of a sample and the
passive film became more thick layer (acts as a membrane), so weight gain result in
all samples. The corrosion rate values are evaluate from weight gain/loss data using
(2) for the alloy are plotted against no of days immersion are shown in Fig. 2b. It is
seen that the corrosion rate values decrease from initially up to 21 days because of
initial stage weight gain result, i.e. passive films formed on samples surface which
act as a membrane so this happens. Then this value increases up to 28 days because
due to the temporary breakdown of the passive films. So Corrosion attack result.
This value again decreases from 28 days up to 42 days (i.e. corrosion rate decreases
with increasing time) kept in seawater because the corrosion products layer is more
compact and protective on the metal surface with time. When compare between three
samples, corrosion rates are lower for 450 than 350 °C than non-H.T sample due to
Corrosion was more prevalent, i.e. More Corrosion attack in 350 °C H.T and a non-
H.T sample. Also maybe density value increases with heat treatment temperature
i.e. 450 °C H.T sample high-density value than 350 °C H.T and a non-H.T sample
so corrosion rate values decrease. Therefore 450 °C showed the corrosion resistance
higher (low corrosion rate) at all times of immersion because due to the heat treatment
effect.

3.2 Hardness Measurement

From this Fig. 3, It is clear that for all sample hardness value found to increases up
to 21 days then decrease up to 28 days then again increases to 42 days because of a
very thin passive film formation of Al oxide and hydroxide or compound form Al/Si
with seawater element with on the surface top up to 21 days i.e. passive film act as a
membrane. Hence, hardness value increases initially up to 21 days; then, formation
compounds are removed from the surface i.e. chloride ion help for breakdown passive
film [14], so hardness value decreases from 21 to 28 days. Again compound formed
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Fig. 3 Graph between hardness values samples versus no of days exposed to seawater

on sample surface so that passive film became thicker (i.e. more amount/number
compound present) due to this reason hardness value also increases in all samples
(450 and 350 °C H.T and non-H.T sample). Therefore 450 °C H.T samples are a
higher hardness value than 350 °C H.T and non-H.T samples due to the heat treatment
effect.

3.3 Microstructural Characterization

Figures 4, 5 and 6 show the optical micrograph of LM®6 alloy in seawater for non-
H.T, 350 °C H.T and 450 °C H.T corroded samples in 7, 14, 21, 28, 35 and 42 days
respectively. Figure 4a—f show that microstructure of non-H.T corroded samples and

Fig.4 Micrograph of non-H.T samples a 7 day, b 14 day, ¢ 21 day, d 28 day, e 35 day and f 42 day
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Fig. 5 Micrograph of 350 °C H.T samples a 7 day, b 14 day, ¢ 21 day, d 28 day, e 35 day and
f 42 day

Fig. 6 Micrograph of 450 °C H.T samples a 7 day, b 14 day, ¢ 21 day, d 28 day, e 35 day and
f 42 day

Pits formed (non-uniform formation) on sample surface after formation corrosion
product (intermetallic compounds) removed from the surface due to the surrounding
matrix dissolution or breakdown of the passive film [21]. The number, size and depth
of pits formed on the surface of the sample are increases when no. of immersion days
increase from Fig. 4a—f and also maximum pit size can determine with the help of
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pits depth and pits diameter. Similarly, from Fig. Sa—f and from Fig. 6a—f show the
same behaviour occurs in the alloy sample.

When compare Figs. 4, 5 and 6, which shows number and size of pits and pit depth
formed on surface 450 °C H.T sample (severe pits are not found) is less compared
to 350 °C H.T samples and non-H.T samples. In other words, non-H.T samples are
observed severe corrosion (more corrodent attack on the surface) compare to 450,
and 350 °C H.T samples because due to inducing corrosion less in the 450, and
350 °C H.T samples and also microstructure change due to heat treatment. And
also maybe more corrosion product formation in non-H.T sample surface so more
washout corrosion products from the surface of samples than both H.T samples.
450 °C H.T alloy is more pitting corrosion resistance than the non-H.T and 350 °C
H.T samples. So heat treatment affects corrosion attack on the surface of a sample.

3.4 SEM Observation

Figures 7 and 8 shows that many compounds formed on the surface by Si and Al
reaction with the elements present in the seawater. Seawater contains O,, CI, Na etc.,
which are very reactive to Al and Si. Also, the compounds formed due to the corrosive
attack on the sample surface. Large corroded portions of non-H.T samples compare
to 450 and 350 °C H.T samples. From the analysis, higher heat treatment temperature
shows that less composed corrosion products instead of non-H.T samples (observed
higher intensity of corrosion).

Fig. 7 SEM image of after 7 days corroded sample of a non-H.T, b H.T at 350 °C and ¢ H.T at
450 °C
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Fig. 8 SEM image of after 42 days corroded sample of a non-H.T, b H.T at 350 °C and ¢ H.T at
450 °C

Figure 8a, b show that non-H.T and 350 °C H.T samples showed cracks form
on the surface, but Fig. 8c show does not crack form. The formation of a cracked
structure is due to corrosion products removal, which helps for cracking and also
assist localized corrosion. When compare Fig. 8a, b and c, it shows that in non-
H.T samples formation compound are more removed from the surface compared to
450 and 350 °C H.T samples due to this more crack formed on non-H.T than both
H.T samples. Still, in 450 °C H.T samples passive film formation compound seen
i.e. washout compound from the surface is less (no crack formed) in Fig. 8c. From
[15] it knows that passive film formation depends on the substances present, type of
oxide present and temperature, this may be a reason for the above. Therefore 450 °C
H.T samples are more resistance to corrosion(less corroded) than 350 °C H.T and
non-H.T samples.

3.5 XRD Analysis

Figure 9A, B shows the chemical composition of the corrosion product in the anal-
ysis by XRD. Al and Si peak along with Halite (Cl;Na;) and sodium tetra-chloro-
aluminate (Al; Cl4Na,) compound peak, are formed in all the samples. The compound
is formed when seawater element (Na, Cl etc.) combine with Al and Si element
present in alloy samples. But the only difference is the intensity of peak between
all-alloy samples. That means Al;Cl4Na; and Cl;Nal compound peaks are of higher
intensity and more number in a non-H.T sample than 350 and 450 °C H.T samples.
The corrosion product (Al;Cl4Na; and Cl;Nal) are more formed in the non-H.T
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Fig. 9 XRD analysis of A after 7 days corroded sample of a 350 °C H.T, b 450 °C H.T and
¢ non-H.T, B after 42 days corroded sample of a 350 °C H.T, b 450 °C H.T and ¢ non-H.T

sample than 450 and 350 °C H.T samples. All Fig. 9a—c found that amount and
number compound peak are more formed in the non-H.T sample (i.e. Observed
higher intensity) than 450 and 350 °C H.T samples. Similarly, happen in Fig. 9B(a—
¢). But the difference between Fig. 9A, B is compound (corrosion product) formation
less in 7 days corroded sample (thin passive layer) than 42 days corroded samples
(thick passive layer). Due to this reason, more weight gain and high corrosion rate on
non-H.T samples than both H.T samples. Hence heat treatment effect the corrosion
behaviour of the alloy sample.

4 Conclusions

The following conclusions in this paper are

i. 450 and 350 °C H.T samples performed less weight gain from seawater
compared to non-H.T samples. For all samples increase weight gain occurred
concerning the number of days increases.

ii. 450 and 350 °C H.T samples have lower corrosion rate values and higher
hardness value than non-H.T samples. So 450 and 350 °C H.T samples are
higher corrosion resistance than non-H.T samples.

iii. 450 and 350 °C H.T samples show low values corrosion rate that means these
alloys are used in marine environments.
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iv.

In seawater, pits are formed on a sample surface. Therefore pitting corrosion
was obtained from the SEM and XRD analysis based on pits watching.
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