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Tribological Behaviour of Carbon Fiber
Reinforced Polyester Composites

M. V. Sai Kumar and Y. N. V. Sai Ram

1 Introduction

Composite materials, polymers, and ceramics have dominated as new materials over
few years. Due to their unique qualities like high stiffness and strength-to-weight
ratio, the number of applications for composites (especially polymeric composites
reinforced with synthetic fibres such as glass, carbon, and aramid) has constantly
increased. In recent decades, there has been a surge in demand for such composite
materials used in various applications like chassis frames and wheels in automotive
industry. A major field of polyester area has developed and advanced to specific
composites for aerospace and other applications. The life span of commercial poly-
mers are increased by boosting their mechanical properties [1]. In addition to their
desirable mechanical properties, the corrosion resistance is also an enticing consid-
eration for the use of such composites in different areas. Since polyester is sensi-
tive to ultra violet rays, humidity, and moisture conditions, a good maintenance
of the nature leads to increase in their life span [2, 3]. The chemical composition
and mechanical properties of carbon fiber and polyester resin are shown in Table
1 [2]. The polyesters are extensively used for matrix purposes, predominantly with
glass fiber as reinforcement because it is an economically resilient and cost-effective
material, with high dimensional stability and low absorption of moisture content.
The polyester composites are reinforced with graphite fibers coupled with certain
vegetable oils which can be used as self-lubricated materials because they have a low
friction coefficient and low wear levels [4–6]. In a composite natural fibers possess
remarkable characteristics such as low weight, low cost and high potential applica-
tions. Reinforcement of polyester resin with coconut fiber has a great tensile strength,
low weight and extremely flexible also, it can be deformed easily to high values of
strain. The percentage increase of bagasse fiber with polyester matrix had increased
the characteristics of flexural as well as tensile properties [7–12]. With an increased
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Table 1 Chemical
composition and mechanical
properties of carbon fiber and
polyester resin

Property Carbon fiber Polyester resin

Chemical
composition

Carbon–95%,
Nitrogen–4%,
Oxygen–0.9%,
Hydrogen–0.1%

Polyethylene
terephthalate glycol
(PETG)

Tensile strength
(N/mm2)

600 40–85

Compressive strength
(N/mm2)

570 140–410

Density (g/cm3) 1.298 1.1–1.4

Young’s modulus
(N/mm2)

113 2–4.5

reinforcement percentage, the mechanical properties of polyester gets strengthened
[13].

The carbon content in carbon fibers are more than 90% with an irregular graphite
crystal structure along the axis of the fiber. Most commonly used natural fibres
are jute, cotton, sisal and matrix materials such as polyester, polyamide, PVC, poly-
thene, etc. are studied as potential precursors for the development of carbon fiber.
Finally, rayon (Regenerated cellulose), pitch and polyacrylonitrile (PAN) are the
three precursors used for the production of carbon fibers with better mechanical
properties [14–16]. Some researchers studied on Polyphenylene sulphide to check
the wear and friction with addition of carbon fiber. From the study it is reported that
at higher loads,wear levels were decreased when fiber proportion exceeds 50%. The
wear rate was minimum at 15–20%, which was apparently dependent on the product
pressure and velocity. Carbon fibers have been more effective than glass fibers in
enhancing wear properties. Carbon fibers have improved the effectiveness due to
change in smoother film into the counterphase, increased thermal conductivity and
heat distortion in the polymer [17–20]. Carbon based composites are being used
most commonly in structural design of air crafts, transportation vehicles, architec-
tural designs, communication equipment’s and so on. These applications and its new
technologies are driven by high-performance characteristics and economical produc-
tion of carbon fibers [21, 22]. Long-carbon fibers reinforced with epoxy resins have
outstanding mechanical properties that are used to manufacture aircraft structural
components. Once the carbon fiber is burned better organic adhesion is achieved due
to its physical and chemical sizing. One of the reasons for pores presence may be
due to the poor physical and chemical treatment. Fiber breakage is another reason
for high porosity. The same was reported by Schwarz et al. and Selmi et al. for
fibre breakage along with soft microcavities [23–25]. The comparison of mechanical
properties with carbon-epoxy composite was shown in Table 2.

Various kinds of wear mechanisms can take place during relative movement.
Typical wear mechanisms include adhesive wear, abrasive wear, wear of fatigue and
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Table 2 Comparison of
mechanical properties with
carbon-epoxy composite [26]

Composite Tensile
strength
(N/mm2)

% Elongation Tensile
modulus
(N/mm2)

Carbon-epoxy 172 16.5 1042.42

corrosive/oxidative wear. If a rough surface slides over a smoother surface, there is
abrasive wear. Abrasive wear may be caused by metallic and non-metallic particles
but non-metallic particles in may cause more abrasion. If two flat metal surfaces are
allowed to slide under an applied load against each other, adhesive wear takes place.
When the contacting surfaces exposed with the environment, corrosion wear takes
place along with surface asperties formed by the reaction products. Fatigue wear
exists on the surface of products that are loaded cyclically [27]. Few researchers
conducted the dry sliding tests at ambient conditions of temperature (22–25 °C),
humidity, at different applied loads (30, 50, 70 and 100 N), sliding velocities (2.8,
and 3.9 m/s), and sliding distances (0–14 km) [28, 29].

In this paper, work is focussed on the examination of the microstructure and
wear behaviour of polymer matrix composite (PMC) of polyester resin of thermoset
category. Using die casting technique PMCswere prepared with varying 4% compo-
sition of carbon fibers of 85 µm. The novelty of the present work is to investigate
the effect of carbon fiber when reinforced with polyester resin and it is discussed in
the following sections.

2 Experimentation Work

2.1 Selection of Materials

In ourwork, a thermosetting polyester from theBindu agencies,Vijayawada is used as
a base material and in that carbon fibers from SMS pharmaceuticals Ltd, Hyderabad.
With the reinforcement additions of carbon fiber increased from 4 to 12% inweight at
4%wt intervals. The catalyst, MEKP (Methyl Ethyl Ketone Peroxide) (C8H18O6,
Colourless liquid) andCobalt octoate ([CH3(CH2)3CH(C2H5)COO]2Co, PurpleBlue
Clear Liquid) is added to cure and also to harden the resin. The weight fractions of
various carbon fibers (CF) ranging from 4 to 12% in weight are calculated as CF 4%
with 208.33gr, CF 8% with 217.391gr and CF 12% with 227.27gr respectively. In
further sections pure polyester, polyester + CF 4%, polyester + CF 8%, polyester
+ CF 12% are designated with terms as letters PI, PII, PIII and PIV.

Figure 1 indicates the systematic procedure for the fabrication of polyester
composites. First weighting the required amount of carbon fibers, polyester resin
and suitable quantity of MEKP, Cobalt octoate. The weighted quantity is mixed in
a beaker by mechanical stirring at a suitable speed of 110 rpm thoroughly, until it
comes to the semi solid state. For fabricating these composites/specimens, amild steel
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Fig. 1 Systematic procedure for the fabrication of polyester composites

mould/die of�15mm× 150mm in lengthwas prepared shown in Fig. 2(Before). For
the easy removal of composites from the die a release agent(wax) coat was applied
to the mould before pouring the polyester resin. The semi solid state mixture is now
poured into the die setup and left it for 24 h. After 24 h die setup is removed shown

Fig. 2 Polyester fabrication setup
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Fig. 3 Fabricated Polyester-Carbon fiber reinforced composite

in Fig. 2(After) and the specimens were taken out and then it is left for post cured
(Fig. 3).

2.2 Methods Used

Sliding wear tests. Figure 4 depicts the experimental setup for the measurement
of wear. The disc used during the experimentation is made of the material EN 31

Fig. 4 Pin-on-disc test setup [30]
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Fig. 5 Wear test Specimens pins

steel. EN stands European norms. EN31 is a high-quality carbon alloy steel with
composition (C–1%, Mn–0.5%, Cr–1.4%, Si–0.2%) that provides a high degree of
hardness with compressive strength and abrasion resistance. The experimentation is
carried out under dry conditions at room temperature for various polyester reinforced
carbon fiber samples. Testing has been performed on an EN 31 steel disc with wear
track diameter of 0.1 m loaded with a dead weight of 10 N and 20 N with a sliding
velocity of 1, 2 and 3 m/s. As per the specifications, wear pin samples of �8 mm
× 50 mm length were machined by using lathe (Fig. 5). Pre and after each test the
samples andwear trackwere cleansed by acetone andweighed using a digital balance
(up to ± 0.1gm). The wear rate is set using height loss technique and expressed by
unit sliding distance in terms of wear volume loss. Throughout this experiment,
parameters namely load, speed, distance, and time for all experimental tests are kept
constant. The specifications of machine and parameters considered during test are
given below in Table 3.

2.3 Hardness Measurement

ADigital Micro-Vickers Hardness Tester (Model: HVS 1000B) was used to measure
the hardness of the composite samples. The Vickers hardness measurements were
carried out to investigate the effect of the reinforcement weight fraction on the matrix
content. The load applied was 300gf, 500gf, 1000gf with diamond indenter on the
cross-section surface area for a duration of 15 s. The machine specifications and
parameters considered during the hardness test are given below in Table 4.
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Table 3 Specifications of the machine and parameters taken constant during wear test

Model Wear & friction monitor TR-20

Pin material PI, PII, PIII and PIV

Pin dimensions �8 mm × 50 mm length

Sliding speed (m/s) 1(191 rpm), 2(382 rpm), 3(573 rpm)

Wear test time (minutes) For 1 m/s = 8.33, 2 m/s = 4.16, 3 m/s = 2.77

Wear track diameter (m) 0.1

Normal load applied (N) 10, 20

Sliding range(m) 500

Disc material EN31 steel

Normal load range of the machine (N) 4.9 to 200

Wear measurement range of the machine 0 to 2000 micro meters

Sliding speed of the machine (m/s) 0.26 to 1.3

Table 4 Specifications of the machine and parameters considered during hardness test

Model HVS 1000B

Applied force 300gf, 500gf, 1000gf

Hardness measuring range 5–3000HV

Test force 10 to 2000gf

Magnification of the measuring system 400X, 100X

Minimum reading 0.01 mm

Hardness value 5 Digits

Operating temperature 10 to 45°C

Maximum specimen height 210 mm

Dimensions 470 × 320 × 500 mm

Weight 40 kg

Measurement Vickers and Knoop

2.4 Characterization of CFRP Specimens Using SEM &
EDX Analysis

For SEManalysis, specimen surfaceswere gold (Au) coated tomake themconductive
with the aid of a sputter coating equipment (Model: SC7620) before starting the
scanning process. Gold coated CFRP samples are shown in Fig. 6.

The use of aluminium stubs is recommended for loading a sample into a scan-
ning electron microscope. When a non-conductive material is imaged, the electrons
accelerated to the sample do not have a path to ground potential and accumulate on
the surface. This will result in a gradual increase in the brightness of the image until
all details are no longer visible. To make a solution for non-conductive specimens,
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Fig. 6 Sputter coated CFRP samples

Table 5 Parameters
considered during sputtering
technique

Material Gold (Au)

Target distance 45 mm

Plasma current 18 mA for 120 s

Gas medium Argon

Coating thickness 367 Angstroms

Sample size 1 cm3

we coated the surface of the specimens using the sputter coating technique. The
parametric values at which sputtering has adopted were included in the Table 5.

For microstructural analysis, Scanning Electron Microscope (Model: VEGA3,
TESCAN) coupled with Energy dispersive X-ray (Model: BRUKER nano, GmbH,
D-12489) is used.

3 Results and Discussions

3.1 Wear Analysis

Wear test measurements were carried out on the base sample and composite samples
by using wear testing machine to assess the rate of wear. Normal load applied on the
samples was 10 N and 20 N in the normal direction. The wear tests results obtained
are shown below:
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Time versus Wear. Experiments were carried out for reinforcement of carbon
fiber at a 4%wt interval ranging from 4%wt to 12%wt, wear-resistance and hardness
increase proportionally with percentages of carbon fiber enhancement, as shown in
Figs. 7, 8, 9, 10, 11 and 12. The abrupt changes in the wear shown in the Figs. 8

Fig. 7 Time versus Wear for 10 N at 1 m/s

Fig. 8 Time versus Wear for 10 N at 2 m/s
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Fig. 9 Time versus Wear for 10 N at 3 m/s

Fig. 10 Time versus Wear for 20 N at 1 m/s

and 9 are due to presence of agglomerated carbon particles or may be due presence
of minimal blow holes in the composite samples.

Wear Rate. It is well known that carbon fibers are typically embedded on the fric-
tional surfaces of composites in the polyester matrix are also easily transferred to the
matrix’s counterpart surface and deposited during sliding through the transfer film.



Tribological Behaviour of Carbon Fiber Reinforced Polyester … 11

Fig. 11 Time versus Wear for 20 N at 2 m/s

Fig. 12 Time versus Wear for 20 N at 3 m/s
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The polyester composites packed with varying quantities of carbon fibers demon-
strate excellent wear properties by increasing the speed after the transient wear stage.
With PI, PII, PIII and PIV carbon filled polyester composites, the wear properties are
tested. The wear rate of base material reinforced with carbon fiber composites at
1 m/s decreases but when increasing the speed (i.e. at 2, 3 m/s) the wear rate is
lowered when compared to 1 m/s by keeping the load constant (i.e. 10 N and 20 N)
and it can be perceived in Figs. 13 and 14.

Fig. 13 Percentage of CF versus wear rate for 10 N at 1, 2 and 3 m/s

Fig. 14 Percentage of CF versus wear rate for 20 N at 1, 2 and 3 m/s
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3.2 SEM & EDX Analysis of PI, PII, PIII and PIV Carbon
Fiber Reinforced Polyester (CFRP) Composites

To examine proper dispersion of carbon fibers in pure polyester, micro structures are
taken by using scanning electron microscopy (SEM) equipment. Figure 15a shows
the SEM image of a pure polyester (PI). SEM test results of carbon fiber-reinforced
polyester composites showed clearly that carbon fibers are extensively blended into
the base matrix without any aggregation of carbon particles seen in the composite of
PII (Fig. 16a) and also noted that there is a smooth surface for PII composite. In the
SEM images, it is observed that the carbon particles in composites PIII and PIV are
aggregated (Figs. 17a and 18a). On the basis of this study, we found the Low-percent
carbon evenly spread on the base surface of the polyester composite, minimizing
wear degradation of the polyester. It was also found that, in the polymer matrix,
greater proportions of the reinforcing parts result in aggregation.

Figures 15b, 16b, 17b and 18b indicates that the elemental distribution of CFRP
specimens is based on an EDX analysis. The EDX study shows that there is a
homogenous distribution of carbon fibre and polyester in the specimen.

3.3 Hardness

Vickersmicro hardness tester has been used to assess the hardness of the rawmaterial
with carbon fiber enhancement. Figure 19 indicates the hardness value resulting in
different volume fractions of the reinforcement. Hardness of pure polyester is 11.28
× 106 N/mm2 whereas for 12%wt CF is 101.18 × 106 N/mm2.

Hardness is increased almost nine times as compared to base material. Due to
abrasive wear mechanism, mostly load carrying capacity was carried out by the rein-
forcement thereby hardness increases. The tests showed that the hardness increases
as the percentage of the carbon fiber increases. Hard carbon fiber, which serves as a
dis-localization barrier in the base matrix, is the main cause of this difficulty [31].

4 Conclusions

Carbonfiber reinforcedPolyester composites of various concentrationswere success-
fully fabricated by using die casting. The following conclusions were drawn on the
basis of the experimental observations:

• Using the die castingmethodology, the specimens are fabricated successfully with
homogenous distribution.

• Carbon fibers were found to spread evenly in the base matrix. EDX reports
confirms the distribution and elemental composition of the prepared composites.
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Fig. 15 a SEM image of PI b EDX Report of PI
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Fig. 16 a SEM image of PII b EDX Report of PII
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Fig. 17 a SEM image of PIII b EDX Report of PIII
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Fig. 18 a SEM image of PIV b EDX Report of PIV
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Fig. 19 Hardness variation of Carbon fibre and polyester composites with weight fractions

• Under constant load and by increasing speed it is monitored that rate of wear for
polyester reinforced with 12%wt CF (PIV) decreased by three times as compared
to the remaining composites.

• On increasing the reinforcement from4 to12%wtof carbonfiber at 4%wt intervals
the hardness also increased by three times correspondingly to it.

• In the automobile industry and related applications, CFRP composites can be used
in the manufacture of chassis frames, wheels, etc. in order to gain less weight and
thereby improve fuel efficiency.

• In addition, by using optimization methods, the research can be continued.
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Tribological Behaviour of Silicon
Carbide Reinforced AA2024 Composites

A. A. Krishna Vamsi, S. Dheeraj Kumar, and Y. N. V. Sai Ram

1 Introduction

Metal-Matrix Composites (MMC’s) find wide applications in aviation and automo-
tive production because of their enlarge properties like stiffness, tensile strength,
wear resistance elastic modulus and substantial weight reduction over alloys which
are unreinforced [1]. Metal matrices are broadly utilized include copper, titanium,
magnesium and their alloys. These alloys are desired matrix materials to render
MMC’s. Ceramics are used in the form of whiskers, particulates and fibers [2].
Particle-reinforced composites have the benefit of formability with a cost advantage
over others [3].

Aluminium Metal-matrix Composites (AMMC’s) are rapidly increasing popu-
larity in industrial field now-a-days because they possess very awesome properties
like resilience, durability, high strength to weight ratio, etc. Because of its enhanced
mechanical properties, MMC’s are generally utilized in aviation, industrial, mili-
tary, marine and industrial applications [4–8]. However, aluminum alloys have low
melting point which limits their applications. Reinforcement is frequently done to
strengthen the basemetal’s properties. In the properties ofMMC’s, the particle distri-
bution plays a significant job. For Metal-matrix composites, copper, aluminum and
magnesium have attracted themost interest as the basemetal. Because of the commu-
nication of nano particles with the separation development, the utilization of nano
particles has been found to be significant over the recent years [9–11]. By mixing
nano particles in ceramic mode in the AMMC’s, this problem can be diminished to
some extent.

Usually, AMMC’s are formed by scattering with different reinforced mate-
rials like B4C, SiO2, ZrO2, TiB2, and Al2O3. Various metal matrix composites are
prepared using various operations like powder metallurgy, stir casting, ball milling
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and centrifugal casting [12–15]. Cast iron cylinder liners currently provide magnif-
icent protection to wear at elevated temperatures. Life time of cylinder liners is
reduced due to the formation of air pockets. Metal-matrix composite (MMC) was
utilized like a coating for the cylinder to overcome this constraint, providing superior
tribological characteristics and adequate strength. Copper is graded like a main item
for aluminium by 2xxx number. AA2024 has high wear and fracture rates among the
Al-Cu alloys. The application of coating (firm material) to MMC is well identified
to increase tribological and mechanical properties. MMC’s keeps the property of
durability, matrix-derived flexibility, strength, and reinforcement stiffness.

Particles from silicon carbide (SiC), aluminum oxide (Al2O3), and graphite (Gr)
often extended as replacements for particular applications [16]. Extensions of rein-
forcement (hard element) to MMC’s ultimately improve its mechanical properties
and wear [17]. SiC was selected as reinforcing element to improve hardness and
resistance to wear [18]. Aluminium alloy-SiC blends recorded increased resistance
to wear, toughness along with hike in moreover magnificent thermal conductivity
[19]. A356 aluminum alloy strengthened with 2 wt% SiC 30 nm grain size working
with ultrasonic stir casting exhibit non-uniform circulation of particles inmatrix [20].

Diminishing resistance to wear with increased sliding distance, load and abrasive
grit size [21]. Many researchers performed their experimentation on AA6061 rein-
forced with SiC for dissimilar weight fractions and reported that adding SiC particles
improved wear resistance and hardness [22–25].

During the relative motion, different types of wear mechanisms can take place.
Adhesive, abrasive, fatigue, and corrosive/oxidative wears are the typical mecha-
nisms of wear. Abrasive wear may be due to both metallic and non-metallic parti-
cles, but abrasion is caused mainly by non-metallic particles. When two metallic
surfaces allowed to slide across each other under the load, adhesive wear occurs.
When contacting surfaces exposed to the environment, corrosive wear takes place
along with reaction products formed as asperities on the surfaces. When the surface
of materials undergo cyclic loading, fatigue wear occurs [26].

Aluminium is a universal element. But, the drawback of this material is it has low
tribological properties. So, the main concern among the researchers is to promote
advanced material with good tribological properties. It also should have better wear
resistance, without much compromise on strength to weight ratio get to improvement
of MMC. Novelty of the present study was to fabricate the composites such as
AA2024 pure, AA2024+ 4% SiC, AA2024+ 8% SiC and AA2024+ 12% SiC by
using Stir casting method. The tribological behavior of the composites was assessed
by means of wear test (pin-on-disk equipment), corrosion test (Salt spray method)
and hardness test (Vickers hardness test). The outcomce of this research will helpful
to aerospace and automotive system applications.
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Table 1 Chemical composition of AA2024

Elements SiC Mg Cu Mn Fe Ni Ti Zn Pb Sn Al

Contents
(wt.%)

0.5 0.065 4.51 0.13 0.663 0.075 0.013 0.11 0.029 0.021 Balance

2 Materials and Methods

2.1 Material Selection

AA2024material is utilized extensively because it has leading engineering properties
like high wear resistance, low density, stiffness and specific strength. This material
also has strong machining features including higher strength and fatigue resistance.
AA2024 is machined very easily and having decent workability. Tables 1 and 2
recorded the chemical composition and properties of AA2024.

Reinforcement supplied in this job is Silicon Carbide(SiC). SiC is a stable and
chemically inert substance with a good corrosion resistance. It is having charac-
teristics e.g. hardness, high thermal conductivity, resistance to abrasion,etc. It also
maintains its strength up to a temperature 1400 °C. SiC powder used with particle
size of 75 nm. SiC particulates are harder and present to the top of specimen and
protected the alloy among sliding & abrasion wears, erosion, corrosion, etc. SiC
particulates stops the plastic flow of material even at high temperatures. Extension
of SiC lowers the tendency of sticking and adhesion with the counter surface. Table
3 listed the properties of SiC.

2.2 Methods

In further sections, AA2024 pure, AA2024 + SiC 4%, AA2024 + SiC 8% and
AA2024 + SiC 12% are designated as AI, AII, AIII and AIV respectively.

2.2.1 Preparation of AMMC (Aluminium Metal Matrix Composite)

Fabrication is done by modifying the portion of sintered SiC (0%, 4%, 8%, and 12%)
into theAA2024 (AI)matrix by using stir castingmethod. Initially, the AIwas heated
in graphite crucible at 750 °C up to whole metal in container is soften. Reinforced
particles (SiC) were preheated to 300 °C prior to fusion in the melt to eliminate
moisture. LaterMoltenmetalwas entirelymelted,Degassing tablet (coverall powder)
was applied to lower the porosity. Simultaneously, magnesium of 1% aside weight
was applied to melted portion for bringing the wetness among reinforcements and
matrix. A stainless-steel stirrer introduced within the melted portion to gently mix
molten metal by a speed of 700 rpm. Figure 1 shows stirrer inside the crucible in
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Table 3 Properties of SiC

Material/properties Melting
point(°C)

Mohr’s
hardness

Density
(g/cc)

Tensile
strength
(mpa)

Young’s
modulus
(Gpa)

Flexural
strength
(mpa)

Thermal
conductivity
(W/mk)

Silicon carbide 2730 9 3.21 310 476 324 41

Fig. 1 Stirrer inside the crucible in argon gas atmosphere

argon gas atmosphere to avoid oxidation of molten metal. Preheated SiC particulates
were dispersed within the AI base matrix. For stirring about 5–10 min, constant
distribution is obtained. Figure 2a depicts the die for fabrication of composites, By
stir casting process, 0, 4, 8 and 12 by weight proportions of SiC particle-reinforced
composites were produced. Figure 2b depicts the composites after knock out.

Fig. 2 a Die for fabrication of composites. b Composites after knock out
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Fig. 3 Wear and friction monitor (TR-20LE-PHM-400)

Table 4 Parameters taken in
sliding wear test

Disc speed 100 to 2000 rpm

Sliding speed 2 to 8 m/s

Wear disc diameter 165 mm (EN 32 disc 58–60 HRC)

Specimen pin diameter 8 mm

Wear track disc diameter 10 to 140 mm

Pin length 40 mm

Normal load 2 kgf

Sliding distance 3000 m

2.2.2 Wear Test

Experiment was done using the pin-on-disk tribometer (Fig. 3), which model named
Wear and Friction Monitor (TR-20LE-PHM-400). Disk used in the experimentation
is made of material EN 32 steel. The pins worked for conducting the experiment
are made of AI, AII, AIII and AIV. Experimentation was done in dry condition at a
room temperature of 30 °C by applying a load of 20 N. A sliding distance of 3000 m
was utilized with changing the sliding speed of 2, 4, 6& 8 m/s. Parameters taken in
sliding wear test is represented in Table 4. Before Experimentation, disc and pins
were cleanedwith acetone.Wear rate was determined fromweight reductionmethod.

2.2.3 Corrosion Test

Corrosion is concerned becausematerial changes over the time as they unprotected to
environment. Consideration of Corrosion is important because it determines the age
of amaterial lastswithout losing its primary characteristics. Salt SprayMethod (SSM)
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was performed to check the resistance to corrosion of materials. Before conducting
test, all samples i.e.AI, AII, AIII & AIV were cleaned with acetone and weighed
before the immersion in salt solution. The salt solution is maintained at a concen-
tration level of 3.5 wt% Nacl and group of samples were placed for 1 week. Later
the samples were eliminated from solution and calculated the parameters like weight
loss, density, etc.

2.2.4 Hardness Test

Hardness analysis was done on composite specimens by using DigitalMicro-Vickers
Hardness Tester (Model: HVS 10000B). The loads applied are 100 kgf and 200 kgf.
A diamond indenter of pyramid shaped was utilized for impression. Over a wider
material surface, deep and wide indentations were marked by indenter to obtain the
outcome of the hardness. Time taken during indentation was 15 s. Analysis was done
at four various positions on the surface of specimens, So that an average was made
of all value. The Table 5 represents the specifications of hardness measuring device.

Best method from amid all to attain micro Hardness of materials moreover it
is valuable for arrangement which is not in similar. Vickers’s number (VHN) is
computed by the following Eq. (1), F is applied load, D2 is the area of indentation
[27].

VHN = 1.854
(
F/D2) (1)

Table 5 Specifications of
hardness measuring device
(Model: HVS 10000B)

Hardness measuring
range

5–3000 HV

Test force 10, 25, 50, 100, 200, 300, 500,
1000 kgf

Magnifications of the
measuring system

400X, 100X

Minimum reading 0.01 mm

Operating temperature 10 to 450c

Maximum specimen
height

210 mm

Power supply LED Light (3 W)
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3 Results and Discussion

3.1 Micro Structural Analysis

Cross sections of prepared samples i.e., AI, AII, AIII, & AIV were observed to
confirm the homogenous circulation of reinforced particles in base cast. Figures 4,
5, 6 and 7 depicts the SEM images of AI, AII, AIII & AIV samples with respective
EDXanalysis.Adherence among the basematrix aswell as reinforcement seems to be

Fig. 4 a SEM image of AI. b EDX report of AI
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Fig. 5 a SEM image of AII. b EDX report of AII

good at interface as we observe the low existence of void and porosity. In some places
agglomeration of particles is observed as the reinforcement percentage is increased
this may be due to less stirring time apart from that homogenous distribution is
observed. In conjunction with SEM, EDX was used to characterize the chemical
content. It is evident that from figures shown below Mg, Al & Mn peaks were
detected in AI andMg, Mn, Si peaks were observed in AII. But, For AIII & AIV, Mg
& Si peaks were observed. Less oxygen peaks were watched in alloy area confirmed
that prepared alloy does not contain any extra defilement against climate due to the
reason of Argon gas atmosphere.
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Fig. 6 a SEM image of AIII. b EDX report of AIII

3.2 Wear Analysis

From the specifications of pin-on-disk tribometer, wear pins were fabricated with
a diameter of 8 mm as well as elevation of 40 mm. Pins (AI, AII, AIII & AIV)
are as shown in Fig. 8. Wear analysis was performed to all pins at different sliding
speeds (2, 4, 6 & 8 m/s) at a traditional load of 20 N; time gap for experiment is
considered. When a hard-harsh surface slips across a smooth surface, abrasive wear
take place. Abrasive wear may be due to both metallic and non-metallic particles, but
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Fig. 7 a SEM image of AIV. b EDX report of AIV

abrasion is caused by more non-metallic particles. Loss of weight was observed on
pins before and after the experimentation due to abrasive wear mechanism. Volume
loss is calculated. From this analysis, we detected that as the supply of reinforcement
(SiC) in AI increased proportionately and wear rate is decreased. At the same time,
wear rate of AIV is decreased by 3 times as compared to wear rate of AI. The abrupt
changes in the wear rate shown in the Figs. 9, 10, 11 and 12 are due to presence of
agglomerated Silicon carbide particles or may be due to presence of minimal blow
holes.



32 A. A. K. Vamsi et al.

Fig. 8 Fabricated wear pins

Fig. 9 Time versus wear at sliding velocity of 2 m/s

3.3 Corrosion Test

During the test, the salt solution was maintained at a concentration level of 3.5 wt%
Nacl and group of sampleswere placed for 1week. Later the sampleswere eliminated
from solution and calculated the parameters like weight loss, density, etc.. Corrosion
rate is generally measured in terms of Corrosion Penetration Rate (CPR). The CPR
of composites was calculated by weight loss method using the Eq. (2),where K is
Corrosion Constant, ρ is the density of metal, W is Weight loss, A is Surface area
of metal piece. Following table represents the values of loss of weight of specimen
for different Corrosion period. Table 6 shows the values of weight loss for different
corrosion where as Table 7 shows the Comparison of CPR values of AI, AII, AIII
and AIV [28].
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Fig. 10 Time versus wear at sliding velocity of 4 m/s

Fig. 11 Time versus wear at sliding velocity of 6 m/s

Fig. 12 Time versus wear at sliding velocity 8 m/s



34 A. A. K. Vamsi et al.

Ta
bl
e
6

V
al
ue
s
of

w
ei
gh
tl
os
s
fo
r
di
ff
er
en
tc
or
ro
si
on

pe
ri
od

T
im

e
(H

rs
)

A
I

A
II

A
II
I

A
IV

In
iti
al
.w
t

(g
m
s)

Fi
na
l.w

t
(g
m
s)

W
tl
os
s

In
iti
al
.w
t

(g
m
s)

Fi
na
l.w

t
(g
m
s)

W
tl
os
s

In
iti
al
.w

t
(g
m
s)

Fi
na
l.w

t
(g
m
s)

W
tl
os
s

In
iti
al
.w
t

(g
m
s)

Fi
na
l.w

t
(g
m
s)

W
tl
os
s

24
4.
44

4.
43

0.
01

4.
06

4.
05

0.
01

4.
11

4.
10

0.
00
7

5.
44

5.
43
5

0.
00
5

48
4.
23

4.
2

0.
03

4.
5

4.
42

0.
08

4.
11

4.
02

0.
09

4.
1

4.
09
6

0.
00
4

72
4.
96

4.
84

0.
12

4.
43

4.
34

0.
09

3.
91

3.
89

0.
01

5.
12

5.
10
9

0.
01
1

96
4.
09

3.
97

0.
12

4.
40

4.
29

0.
11

4.
09

3.
98

0.
10

4.
45

4.
38

0.
07



Tribological Behaviour of Silicon Carbide Reinforced AA2024 … 35

Table 7 Comparison of CPR values of AI, AII, AIII and AIV

Time (Hrs) CPR (mm/yr)

AI AII AII AIV

24 0.909 0.871 0.589 0.475

48 1.427 3.64 3.928 0.167

72 3.805 2.736 0.290 0.306

96 2.854 2.508 2.182 1.464

CPR = KW
ρAT

(2)

From Table 7, it was observed that the rate of corrosion of AIV is lesser than the
rate of corrosion of AI. So, corrosion resistance of AIV is improved compared to AI.
Figures 13, 14, 15 and 16 depicts the SEM images ofAI,AII, AIII andAIV specimens
after Corrosion. Micro structural studies affirm the agglomeration of SiC particles
in composites. This results an escalation of corrosion resistance with the rise of SiC
particles in composites. Pitting Mechanism was observed on surface moreover in
some places de-lamination of surface layer was noticed. Our work focused on study
the effect of SiC addition in their various proportions to AA2024 alloy on corrosion
and pitting defenselessness in marine environment.

Fig. 13 Corroded SEM image of AI
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Fig. 14 Corroded SEM image of AII

Fig. 15 Corroded SEM images of AIII

3.4 Hardness Test

Micro Hardness was determined by Vickers’s Hardness test. The test was conducted
at loads of 100 kgf and 200 kgf. Hardness mainly influenced by distribution, size
of grain, volume fraction and issue of heat treatment. Hardness was executed on the
sample before as well as after age hardening. Figure 17 depicts the samples for age
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Fig. 16 Corroded SEM image of AIV

Fig. 17 Samples for age cast and heat treatment

cast and heat treatment. Table 8 shows the comparison of hardness value at Before
Heat Treatment (BHT) and After Heat Treatment (AHT) (Fig. 18).

Vickers hardness values of AI and AIV at before heat treatment are 41HV and
125.9HV. Hardness values of AI and AIV at after heat treatment are 53HV and

Table 8 Comparison of
Hardness value at Before
Heat Treatment and After
Heat Treatment

S.No Material BHT Hardness
value(HV)

AHT Hardness
value(HV)

1 AI 41 49

2 AII 63 75

3 AIII 101 111

4 AIV 125.9 141.9
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Fig. 18 Hardness variation
AA2024/Sic composites with
respect to heat treatment
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141.9HV. It was recognized that hardness of sample AIV was increased by 3 times
to that of sample AI. As seen from above graph, It was observed that as the SiC
in base matrix increases in the samples AI, AII, AIII & AIV, there is increment
in Hardness also. It was detected that maximum hardness was noticed at 12% SiC
weight fraction.

4 Conclusion

For manufacturing Aluminium Metal Matrix Composites (AMMC), Stir Casting
method was used. Base matrix was strengthened with SiC in disparate proportions of
0, 4, 8&12%.The following conclusionswere drawn on the basis of the experimental
observations:

• Using the methodology specimens are fabricated successfully with homogenous
distribution.

• Silicon carbide particles were found to spread evenly in the base matrix. EDX
reports confirm the distribution and elemental composition of the prepared
composites.

• Under constant load and by increasing speed it is monitored that rate of wear for
AA2024 reinforced with 12% SiC (AIV) decreased by 3 times as compared to
the remaining composites.

• On increasing the reinforcement from 4 to 12%, At 4% interval the hardness also
increased by 3 times correspondingly to it.

• Corrosion resistance for AIV (AA2024 + SiC 12%) was improved compared to
AI (AA2024 pure).

• In Hardness test measurement is carried out before heat treatment and after heat
treatment for both the cases hardness of AIV was almost increased by 3 times to
that of AI and noticed that as the SiC in base matrix increases there is increment
in Hardness also.

• These assessed outcomes of investigation very likely helpful in automotive and
aerospace system applications.



Tribological Behaviour of Silicon Carbide Reinforced AA2024 … 39

Nomenclature

AI AA2024 pure
AII AA2024 + 4% SiC
AIII AA2024 + 8% SiC
AIV AA2024 + 12% SiC
AMMC Aluminium Metal Matrix Composite
EDX Energy-Dispersive X-Ray Spectroscopy
SEM Scanning electron Microscopy
SSM Salt Solution Method
SiC Silicon Carbide
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Study on the Effect of Heat-Treatment
on Microstructure and Corrosion
Resistance of 0.6% Carbon Steel

Renu Kumari, Priyanka Bharti, and Promod Kumar

1 Introduction

Medium carbon steel (varies between 0.3 and 0.7% C) is widely used in automotive,
aerospace, agriculture and structural application. This is also used in railways such as
coupling, driving rings and flanges, hand tools; sockets,machinery parts (such as nuts
and bolts), shafts and connecting rods [1–5]. However, the limitation of the medium
carbon steel is loose its mechanical strength due to corrosion. Corrosion is a natural
destructive attack of a material through interaction with its environment [6]. Heat
treatment is a cost effective method to improve the corrosion resistance, mechanical
properties, electrical properties and magnetic properties of the structural steel. Heat
treatment is a heating and cooling process of the material to get desired properties
[7]. In the past, several work had been done on the heat treatment on steel to improve
its properties. Guma et al. [8] studies the effect of different type of heat treatment
(normalizing, annealing and water-quenching) of low and medium carbon steel on
corrosion in 0.5M H2SO4 containing 3.5%-wt sodium chloride solution. They found
that low carbon steel had low resistance to corrosion as compared to medium carbon
steel, furthermore, in medium carbon steel, quenched samples had better corrosion
resistance than annealed and normalized samples [8]. Oluyemi et al. [9] applied
quenching, lamellae formation and tempering heat treatment process on rolled steel.
They reported that excellent tensile strength, hardness and impact strength and corro-
sion resistance, which was beneficial for structural application.Yang et al. [10] inves-
tigated the corrosion behavior of quenched and partitioned medium carbon steel
in 3.5 wt.% NaCl solution as compared to quenched and tempered steel with the
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same composition. They showed that both steel showed similar trend of corrosion
behavior, however, quenched and partitioned steel had better corrosion properties.
Fauzi et al. [11] studied effect of annealing, normalizing, quenching heat treatments
on microstructure, mechanical properties and corrosion behavior of low, medium
and high carbon steel. They found that corrosion behavior was dependent on carbon
content and type of heat treatment which affect the microstructure [11]. Ismail et al.
[12] studied the effect of heat treatment on the hardness and impact properties of
medium carbon steel and reported that hardness and impact property dependent on
type heat treatment.The effect of cyclic quenching and tempering on mechanical and
corrosion properties of medium carbon low alloy steel was investigated by Chukka
et al. [13]. They reported that improvement in corrosion resistance after cyclic heat–
treatments which was attributed to refinement in grain size. Gebril et al. [14] studied
the effect of tempering on mechanical properties and corrosion rate of medium and
high carbon steel. And found that hardness and ultimate tensile strength were gradu-
ally decreased and ductility was improved, however, multiphase structure had higher
corrosion rate as compared to martensitic structure [14].

From the aforementioned literature review it is concluded that a detailed study
of effect of different heat treatment on microstructural characterization and corro-
sion has not been investigated in detail. In the present study the effect of different
heat treatment such as, annealing, normalizing and quenching on microstructural
characterization and corrosion behavior of 0.6 % C steel have been studied.

2 Methodology

In the present study, 0.6% carbon steel was used as substrate material.The samples
were cut by using abrasive cutter by 10 mm × 10 mm × 5 mm dimension. Heating
of the samples were done at 910 °C for 2 h than furnace cooling (annealing), air
cooling (normalizing) and water quenching (quenching) were done. Followed by
heat treatment, samples were polished up to 0.5μm. Optical microscope was used to
investigate the microstructure of the samples. Phase analysis of the as received and
heat treated samples were done by XRD techniques ((D8Advance, Bruker) using Cu
Kα radiation. The corrosion properties in terms of corrosion rate was analyzed by
weight lossmethod 3.5 wt.%NaCl solution. In this test, samples were dip in 3.5 wt.%
NaCl solution up to maximum 72 h after that weight changed was observered. Than
corrosion rate was calculated by using Eq. (1) [6].

Corrosion rate, CR = 87.6×W

DAT
mm/Y (1)

where,

W Weight loss in the sample in milligram.
D Density of the material in g/cm3.



Study on the Effect of Heat-Treatment on Microstructure … 43

A Area of cross-section in cm2.
T Time in hours.

3 Results and Discussions

Figure 1 shows the optical micrographs of the (a) as received 0.6% C steel and (b)
high magnification view of the same. From Fig. 1, it is observed that ferrite and
pearlitestructure, which is further confirmed by XRD analysis.

Figure 2 shows the optical microstructures (a) the annealed 0.6% C steel
and (b)high magnification view of the samples. The microstructures reveals that
formation of coarse pearlite and coarse ferrite grains (cf. Fig. 2).

Figure 3 shows the optical microstructures of (a) the normalized 0.6% C steel and
(b) high magnification view of the same. From Fig. 3 it is observed that fine pearlite
grains and fine ferrite grains are formed in the microstructure. A close comparison
of Figs. 3 and 2 shows that refinement of grain in normalized sample as compared to

Fig. 1 A shows the optical micrographs of (a) 0.6% C steel, and (b) same at high magnification

Fig. 2 Optical microstructures (a) the annealed 0.6% C steel and (b) high magnification view of
the samples
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Fig. 3 Optical microstructures of (a) the normalized 0.6% C steel and (b) high magnification view
of the same

annealed samples. In contrary to this, Guma et al. [8] reported annealing produced
finer grains as compared to the normalized and the quenched hardened finest grains
on average basis.

Figure 4 shows the optical microstructure of (a) the quenched 0.6% C steel and
(b) high magnification view of the same. From Fig. 4 it is observed that presence
of needle like structure, which is martensite. High magnification view shows the
uniform distribution of needle like martensite structure. Hafeez et al. [13] reported
that refinement of grains alongwith presence of lathmartensite and retained austenite
in cyclic quenched medium carbon low alloy steel. Guma et al. [8] reported that re-
orientation of the grain size of the carbides, ferrites in the heat treatedmedium carbon
steel.

Figure 5(a–d) shows the X-ray diffraction pattern of (a) as received, (b) annealed,
(c) normalized and (d) quenched 0.6%C steel. From Fig. 5(a) it is observed that pres-
ence of ferrite and carbide phase in as received 0.6% C steel. Presence of ferrite and
carbide phase are also observed in annealed and normalized 0.6% C steel, however,
the peak intensity of carbide phase has increased in normalized sample (cf. Fig. 5(b,

Fig. 4 Optical microstructures of (a) the quenched 0.6% C steel and (b) high magnification view
of the same
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Fig. 5 (a–d) X-ray diffraction pattern of (a) as received, (b) annealed, (c) normalized and (d)
quenched 0.6% C steel

c)). Quenched samples show the presence of ferrite phase only (cf. Fig. 5(d)). Simi-
larly, presence of ferrite and cementite phases was reported by Saha et al. [15] in
cyclic heat treated 0.6% C Steel. Peak intensity at 44° for carbide phase is increased
in normalized sample as compared to as received and annealed sample, which indi-
cate the increased mass fraction of carbide phase in normalized sample. On the other
hand, this peak disappears in quenched sample, whichmay be due to carbide dissolve
and form solid solution. A close investigation shows that ferrite peak is significantly
broaden at peak position 82°, which may be due to lattice strain generated due to
carbon entrapment in ferrite phase.

Corrosion analysis of as received and heat treated 0.6% C steel was done by
weight loss method and data are summarized in Table 1. From Table 1 it is noted that
a significant reduction in corrosion rate from 4.91 × 10−5 mm/year for as received
0.6%C steel to 2.23× 10–5 − 3.12× 10−5 mm/year for heat treated 0.6%C steel. The

Table 1 Summarized phases, hardness and corrosion rate of as received and heat treated samples

Sample Phases Corrosion rate (mm/year)

1. As received 0.6% C steel Ferrite, carbide 4.91 × 10–5

2. Annealed 0.6% C steel Ferrite, carbide 3.12 × 10–5

3. Normalized 0.6% carbon steel Ferrite, carbide 3.12 × 10–5

4. Quenched 0.6% C steel Ferrite 2.23 × 10–5
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improvement in corrosion resistance of heat treated samples may be due to homog-
enization of structure. Furthermore, improvement is more in quenched samples as
compared to annealed and normalized samples. The better corrosion resistance of
quenched steel is attributed to the presence of single phase ferrite only. On the other
hand, presence of ferrite and carbide phase in annealed and normalized samples,
so which may be form galvanic cell and increased the corrosion rate. Similarly,
Gebril et al. [14] reported that increased corrosion rate in multiple phase structure as
compared to martensite structure even its stressed structure. Guma et al. [8] reported
that improvement in corrosion resistance of the heat treated the of medium carbon
steel.

4 Conclusions

A detailed study of the effect of heat-treatment on microstructure and corrosion
resistance of 0.6% carbon steel have been carried out. And the following conclusions
may be drawn:

• Microstructure analysis shows the presence of ferrite and pearlite grain in as
received, annealed and normalized samples, whereas coarse ferrite and pearlite
grains is observed in annealed sample as compared to normalized and as received
0.6%C steel. On the other hand, martensite grains are observed in quenched 0.6%
C steel.

• Phase analysis shows the ferrite and carbide phase in as received, annealed and
normalized 0.6% C steel, whereas ferrite phase is present in quenched 0.6% C
steel.

• There is a significant improvement in corrosion resistance from 4.91 × 10–5

mm/year for as received samples to 3.12 × 10–5 − 2.23 × 10–5 mm/year for
heat treated 0.6% C steel, whereas improvement is more in quenched 0.6% C
steel (2.23× 10–5 mm/year) as compared to annealed (3.12× 10–5 mm/year) and
normalized 0.6% C steel (3.12 × 10–5 mm/year).
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Investigation of the Degreasing Process
to Improve Adhesion Between Oxidized
Galvannealed Coating and Electroplated
Nickel

Arup Kumar Halder and Anindita Chakraborty

1 Introduction

Corrosion protection of steel by coating of sacrificial material like zinc is an age-old
process. The process steps of applying zinc coating on steel is widely researched in
the last century for various application sector. Presently the process of industrial hot
dip galvanising is widely accepted and followed across the world. Among different
application sectors, the galvanised coated steel sheets are used in large quantity in the
automotive sector. However, the requirement of proper forming, welding and post
painting has led to different modifications of the conventional galvanised coatings.
Galvannealing coating is one such modification or improvement over conventional
galvanised coatings. The galvannealing coating is nothing but an iron-zinc alloy
coating. This type of coating offers better welding and painting properties [1–5].
So, this has become the choice for automakers over last few decades. Galvannealing
coating, if not passivated properly has tendency to corrode as there is about 10–
12 wt.% iron on the top surface of the coating. Moreover, in the process of galvan-
nealing, occurrence of surface defect is a major issue that result in downgrading and
rejection of materials. There are several ways to further improve the properties of
galvannealing coating like improve phosphatability [6–8] as well as lubricity [9].
Electroplating of nickel is reported to be one of them. There are several researches
available that discuss the effect of electroplated nickel on the top surface of galvan-
nealing coating to improve the corrosion properties, welding behaviour, hardness etc.
of the primary galvannealing coating. However, it must be mentioned that plating of
nickel on galvannealing sheet in batch mode is very difficult due to the surface condi-
tion in galvannealing coatings. Often industrially there is no online nickel plating
facility rather it is done in batch mode. So the nickel coating adhesion is an issue
needs to be addressed. The present paper discuss the surface preparation methods of
industrially produced galvanneal coatings and the effect on the surface preparation
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technique on the adhesion of the galvanneal and nickel coating. The performance of
the nickel coated galvanneal coating is also evaluated and presented in the present
work.

2 Experimental

2.1 As-Received Coated Substrate

The substrate steel sheet was cold rolled from Tata Steel with thickness of 1.5 mm.
The composition of the steel is (Wt%) given in Table 1.

The starting steelmicrostructurewas a ferrite-perlite structure (Fig. 1) and average
hardness value was 120–130 HV1 and tensile strength was 360–379 MPa. The GA
coating thickness was about 8–9µm (Fig. 2a). The industrial application of this steel
grade is high temperature body panel like, furnace body, car body panel.

2.2 Experimental Procedure:

As-received GA coated steel samples were cut as per requirement. Composition of
steel substrate was detected by Optical Emission Spectroscopy method. The cut-to-
size samples were then degreased by concentrated ammonium chloride solution as
described in Sect. 2.3. Finally, samples were dipped into the Ni plating solution. The
nickel plating process details are given in Sect. 2.4. Characterization of Ni coated
samples were done thereafter.

2.3 Surface Preparation of GA Sheets

GA sample was degreased by commercial alkaline solution (Ammonium chloride-
NH4Cl) and solution pH was above 12 pH (12.5–13 pH). Selection of pH was the
crucial finding for this old GA sample which will be discussed later (Sect. 3.2).
Degreasing solution temperature was about 45–50 °C. GA sample was dipped inside
the solution for two times. 1st dipping time was 15–20 s after that sample was
rubbed mechanically followed by cleaning with DM water and then again dipped
in solution for 2nd time until bubble formation and the dipping time was 30–90 s.
After degreasing, sample was clean thoroughly byDMwater. Finally, the sample was
pickled by 2% dilute HCl solution for 3–5 s and then rinsed with deionized water.
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Perlite

a b

Fig. 1 Cross-section of steel sample: a Magnification 2.5 K and b Perlite, Area magnified image
of (a)

Uneven GA 
coating 
surface  

Steel

GA 

a

Crack 
on GA 

b

Fig. 2 a GA coating cross-section, optical image, b Cross-section of Ni coated GA; Mag-1000X

2.4 Ni Plating on GA Steel Sheet

Ni electroplating was done on small lab samples (5× 3 cm2) by using silicon rectifier
unit (maximum current 25Amp) and bigger size sample (20× 11 cm2–50× 35 cm2)
were done on pilot line by using high power rectifier (maximum current 600Amp).
Two pure Ni bar (size 10 × 5 cm2) (for lab sample) and 8 no. pure Ni bar (size 72
× 9 cm2) for bigger size samples were used as anode and GA steel sample used
as working cathode. anode was clean by degreasing and DM water. Electrolyte was
stirred continuously and solution temperature wasmaintained 50–55 °C. Live current
was given before immersing the cathode or GA sample to electrolyte. 400 A/m2

current density was applied for 5 and 8min plating time. Current density and dipping
time was optimised after investigating the surface appearance and cross-section of
the coating. Ni plating was performed by using conventional Watt bath solution.
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2.5 Procedure to Check the Ni Coating Adhesion

Adhesion check was done by heating and bending process. Sample size was 5 ×
35 cm2. Heating was done by using high temp muffle furnace (maximum temper-
ature 1200 °C) at normal atmosphere up to 700–850 °C for 3–5 min followed
by bending at 90° and quenching on normal atmosphere. The adhesion test was
performed following B571-97 standard.

2.6 Coating Cross-Section

Coating cross-sectionwas one of the critical process to observe the coating thickness,
of GA and Ni layer. Sample was cut on small pieces (2 × 1 cm2) by using diamond
cutter and cutting speed was 300 to 400 rpm. Sample was hot mounted by conductive
phenolic resin (with carbon powder). Grindingwas done using grit P600,M-type SiC
abrasive paper followed by P800, P1200, P4000 and diamond polishing was done by
using 3µ and ¼ µ diamond suspension. Coating thickness, composition was taken
on scanning electron microscopy (SEM, NOVANNS 450) and EDS scan. Image was
also taken by using optical microscopy (Leica).

2.7 Experimental Parameter Optimised for Ni Coating

Ni electroplating was conducted by using conventional Watt’s bath which contain
nickel sulphate (NiSO4, 6H2O): 300 g/L, Nickel chloride (NiCl2, 6H2O): 60 g/L and
boric acid (H3BO3) 40 g/L and solution pH was 4.0. Three different current density
was selected for Ni electroplating which were 100 A/m2, 400 A/m2, 700 A/m2 and
varies two different time (5, 8 min) for each current density. Total experimental chart
has showed in Table 2.

Table 2 Experimental parameter of Ni electroplating

Current density (A/m2) Ni plating time, minute Coating appearance, visual

100 5 Black

8 Black

400 5 No black area, shaded brown color

8 No black area, shaded brown color

700 5 Bubble mark observed at surface and granular
coating at edges

8 More bubble mark and granular coating
surface at edges
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3 Result and Discussion

3.1 Microstructural Analysis of As-Received Samples: Give
Details of Starting Sample

Cross-section microstructure of steel clearly shows the ferrite-perlite structure
(Fig. 1) and perlite percentage are very less (4–5%) and rest 95% are ferrite which
give very low hardness at as cast condition. Cross-section image of GA sample shows
some rough surface at top of the coating (Fig. 2a) and those are more visible after
Ni electroplating (Fig. 2b).

3.2 Process Optimization of Degreasing

Initial cross-sectional microstructure of GA coated steel was characterized by optical
microscopy and it was found that top surface of GA coating was not uniform, small
crack present and coating thickness was 9–11µm. Conventional degreasing solution
(NH4Cl) (25 gm/lit) of pH4was used to clean theGA sample beforeNi electroplating
and Ni electroplating was done by using “Watt bath” for 5 and 8 min. Ni Plating time
was increased to protect the interface of GA and Ni coating as GA coating is brittle
in nature and top surface may damage during sample preparation of cross-section.
Crack of GA coating are visible after Ni electroplating (Fig. 2b). It is also clearly
visible on SEM image (Fig. 3) and from point analysis of the crack region, it has been
found that high amount of oxygen is present along with zinc (Table 3). Point analysis
done at top surface of the GA coating (Fig. 4) and it was found that zinc oxide was
present (Table 4) which was not removed after cleaning by normal alkaline solution.

Fig. 3 Cross-section EDS
image of Ni coated GA
(5 min) under SEM

1  

2

4

3
5

6

GA
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Table 3 Compositional analysis of Fig. 3 by EDS in wt%

Points Chemical composition by EDS analysis of Ni coated GA (wt%)

OK FeK NiK ZnK ClK

1 8.17 7.14 48.03 36.67 –

2 17.82 7.42 – 72.22 2.54

3 18.72 8.74 6.29 65.12 1.13

4 13.65 10.33 5.73 70.29 –

5 15.36 12.01 – 70.63 –

6 8.15 30.42 4.43 57 –

Fig. 4 Top surface of as
received GA coating under
SEM

Table 4 Compositional analysis of Fig. 4 by EDS in wt%

Area Chemical composition by EDS analysis of GA top surface (wt%)

OK FeK ZnK

1 7.22 11.92 80.86

High temp bending test was conducted and it was observed that Ni plating coating
was peeled off from GA surface (Fig. 5a). EDS also done on peel off coating of top
surface (Fig. 5b) and zinc was not present (Table 5), that means interface bonding
between Ni and GA has not formed properly i.e. no adhesion formed between the
coating, so Ni coating is unable to diffuse into GA coating and results in peeling off
the coating during heating and bending.

It is vividly understood that zinc oxide will not be removed or dissolve by conven-
tional degreasing solution. Pourbaix diagram of the zinc showed that zinc oxides
will not dissolved where solution pH below 12.0 but oxides will be removed above
12.0 pH (Fig. 6) [10]. Hence concentration of degreasing solution was increased
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Ni coating 
peel off 

GA
sample

a

1 X

2 X

3 X

4 X

b

Fig. 5 a High temp 90° bending sample of Ni coated GA and GA sample without Ni plating, b Ni
peel off coating under SEM

Table 5 Compositional analysis of Ni peel of coating by EDS in wt%, Fig. 5b

Points Chemical composition by EDS analysis of Ni peel off (wt%)

O K AlK FeK NiK

1 23.46 0.51 6.42 69.61

2 25.51 0.7 4.9 68.89

3 21.57 0.49 4.02 73.92

4 26.32 0.85 5.65 67.17

Fig. 6 Pourbaix diagram of zinc
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(70–80 gm/lit) to reach the solution pH level above 12.5–13.5. Ni electroplating
was done after using this high concentration degreasing solution and followed by
pickling, rinsing. Cross-section of the Ni plated sample after using high pH solu-
tion during degreasing process showed that significant decrease of crack (Fig. 7a)
and EDS also done inside the coating (Fig. 7b). EDS analysing of Fig. 7b showed
that significant decrease of oxide present inside the coating (Table 6). This coating
adhesion also improves and the coating didn’t show any peel off issue after high
temperature process and bending test. There was no such significant difference at
top surface between without alkali clean and after high concentration alkali clean
sample (Fig. 8a–c) at low magnification. But top surface had showed small differ-
ence between without alkali clean and after high concentration alkali clean sample
(Fig. 8b–d) at higher magnification. Black spot was more on without alkali clean

a

Ni

GA

b

1

2

3

4

5 6
7

8

9
10 
11 

Fig. 7 Ni electroplating on GA after decreasing by pH 12.5 solution: a Optical, b SEM image

Table 6 Compositional analysis of Ni electroplated coating by EDS in wt%, Fig. 7b

Points Chemical composition by EDS analysis of Ni coated GA (wt%), after degreasing
solution pH 12.5

O K FeK NiK ZnK

1 7.3 5.22 87.48 –

2 – 5.61 94.39 –

3 5.6 9.9 42.55 41.95

4 2.68 12.37 7.7 77.25

5 – 14.43 3.78 81.79

6 15.94 15.94 3.67 67.2

7 13.06 13.06 14.05 60.62

8 – 15.25 2.95 81.8

9 – 18.85 – 81.15

10 – 81.19 – 18.81

11 – 98.69 – –
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(a) GA-before alkaline clean, 200X (b) GA-before alkaline clean, 1000X

(c) GA-after high concentration  
       alkaline clean, 200X 

(d) GA-after high concentration  
       alkaline clean, 1000X 

Fig. 8 Top surface optical image before alkaline clean (a, b) and after high concentration alkaline
clean (c, d)

GA (Fig. 8b) and black spot was comparatively less (Fig. 8d) on alkaline cleaned
GA sample. The dissolution of zinc oxide occurred at nanometric level which fully
unable to trace through optical microscopy. But improvement of adhesion property
between GA and Ni coating interface indicates the efficiency of high concentration
alkali solution which remove the oxide from GA coating surface.

3.3 Process Optimization of Ni Coating

It was seen that at lower current density (100 A/m2) coating were not uniform and
coating appearance was slight blackish (Table 2). Coating uniformity and appearance
was good at current density of 400 A/m2. Coating thickness was good at 700 A/m2

current density but coating appearance at top surface was not good. Many hydrogen
bubbles were visible and granular coating surface forms at edges. So, it was decided
to do Ni coating by using current density of 400 A/m2 which gives uniform coating
thickness as per requirement. Coating thickness was checked by optical microscopy.
Coating thickness was 1.2–2 µ and ununiform coating was observed for 100 A/m2
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a b

Ni 

GA

Ni 

GA

Fig. 9 Ni electroplating on GA at 400 A/m2 current density: a 5 min, b 8 min

current density. 8–12µ coating thickness was appeared for 700 A/m2 current density
but top surface of the coating showed some bubble mark and coating was peeled off
or broken during cutting as high current density increases the stress inside the Ni
coating. But coating had no issue which was done by using 400 A/m2 current density.
Coating thickness was 2.3–3.5 µ (5 min) and 4.5–7 µ (8 min) (Fig. 9) and surface
appearance also improved significantly. GA coating thickness was 7.5–8.5 µ.

3.4 Adhesion

Coating interface between GA and Ni electroplating showed a significant difference
if compare between Figs. 2b and 9. Crack at interface was not observed. Coating was
heat treated at high temperature and noNi coating peel offwas seen after 90° bend test
(Fig. 10). It is now established that the higher concentration of degreasing solution
enhances the dissolution of the zinc oxide layer which enables the Ni ion deposited
on GA surface and make better bonding between GA and Ni electroplating layer.
This in turn enables the inter-diffusion of nickel and GA during high temperature
application and no coating peel off happened during 90° bend test.

4 Conclusions

1. The surface preparation process before conventional electroplating of nickel on
steel does not yield proper adhesion of galvannealing coating and nickel coating.

2. Thenewsurface preparationparameters are optimized to improve thedissolution
of zinc oxide from surface but without damaging the underlying galvannealing
coating.
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Fig. 10 Ni electroplating on
GA after high temperature
90° bend test

No Ni coating 
peel off 

3. The nickel coating is performed through electrodeposition and with the use of
live current to suppress the dissolution of zinc from galvanneal coating to the
plating bath.

4. The revised surface preparation and electroplating process exhibit uniform
nickel coating thickness and improved nickel coating adhesion as tested from
high temperature heating and bending experiments.
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Innovation in Optimization of Mixing
and Nodulizing Drum for Reducing
Energy Consumption at Sinter Plant,
Tata Steel

Dhirendra Prasad, Renu Kumari, Bikash Kr. Chatterjee, Mazhar Ali,
Amit Kr. Singh, and Surajit Sinha

1 Introduction

Steel industry is known for its high impact on carbon foot print because of large
amount of energy is required for its several processes starting from mining of raw
materials to iron making and steel manufacturing. As per published report, in India
during 2018–19, the total National Energy Consumption was 5,69,537 ktoe (Kilo
Tonne of oil Equivalent) [1]. Out of the total final energy consumption, the indus-
trial sector consumed 55.90%. Within the industry sector, the most energy intensive
industries were iron and steel which accounted for 17.68% of the industrial energy
use followed by Chemicals and petrochemicals 4.41% and construction 2.38%.
Sinter making is no exception within the iron and steel industry. Sinter Plant is an
energy intensive unit in any integrated steel plant [2]. Therefore, any work towards
energy saving will have positive impact on overall energy scenario and environment.
Sintering is a process of agglomeration of iron ore fines along with crushed fluxes,
solid fuel and solid wastes etc. These materials are mixed together and granulated in
mixing and nodulizing drum (MND), thereafter it is charged on to sintering machine
where sinter mix is fired and sintering takes place at >1300 °C [3]. Conventionally,
solid fuel like coke breeze is the main source of heat in sintering process. Along with
solid fuel, electrical power consumption contributes to a major portion of energy
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consumption in iron ore sintering process. There are several high electrical-power
consuming equipment in a sinter plant. This provide immense opportunities to opti-
mize these equipment to save electrical energy. Mixing and nodulizing drum (MND)
is one of the high electrical-power consuming unit and is used for mixing of base
mix with trimming flux and solid fuel along with calcined lime and water. Mixing
and Nodulizing Drum (MND) causes increase in mean size of sinter mix due to ball
formation (quasi particles) during its rotating movement. While the coarser fractions
of the base mix form the nucleus, the finer fractions collect around the nuclei to
form these quasi-particles [4–6]. Higher mean size of sinter mix increases sinter
bed permeability which leads to faster sintering and higher sinter machine produc-
tivity [7]. Therefore, Granulation Index (GI) is an important parameter that measures
the effectiveness of granulation/balling where the objective is to minimize the finer
fractions, and also to produce quasi-particles of a narrow size range. Higher granu-
lation gives better air permeability through ‘sinter mix bed’ during sintering. Better
permeability leads to faster rate of sintering [8]. This finally enables higher sinter
production either by increasing the speed of sintering machine or by increasing the
sinter bed height on sintering strand.

Several innovative experiments were conducted at Sinter Plant (SP) 3 of Tata
Steel Jamshedpur to optimize the speed of MND to save electrical energy without
effecting sinter plant productivity and product sinter quality. At sinter plant, Mixing
and Nodulizing Drum (MND) generally rotates at fixed RPM (rotation per minute)
with the help of high tension (HT) motor. At SP3, MND runs at constant motor RPM
1400. So, there is possibility to reduce motor RPM to increase retention time of
sinter mix in MND which may improve Granulation Index (GI) of sinter mix which
is an indicator balling efficiency ofMND. To establish this variable-voltage/variable-
frequency (VVVF) drive installed in MND at SP3 and experiments were conducted
withMNDmotor reduced RPM to improve GI and saving of electrical power energy.

2 Experimental Procedures

Mixing and nodulizing drum is a large equipment in sinter plant used for granulation
of sinter mix. In sinter plant 3 at Tata Steel Jamshedpur, its main dimensions are
4000 mm diameter and 5000 mm length. It is designed for interior to act as mixing
drum 33% of total length and nodulizing of sinter mix remaining 67% of total length.
MND rotates at speed of 5.5 RPM.

2.1 Sampling

A large quantity of base mix sample (beforeMND) was collected from conveyor belt
(cutting across the breadth of conveyor belt at 6 different points) before the mixing
& nodulizing drum from sinter plant 3 at authors’ works. These samples were taken
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Table 1 Raw materials used for making base mix

Raw material Iron ore fines Flux materials Solid wastes Solid fuels Return fines

% 58.9 13.0 8.8 3.1 15.5

before the trimming addition of calcined lime. Raw materials used for making base
mix are given in Table 1. Similar way green mix samples (after MND) were collected
from conveyor belt after the mixing and nodulizing drum.

Quantity of base mix sample was reduced by riffle divider to get samples for
moisture, size spectrum and chemical analyses. Moisture content of base mix sample
was determined by drying it till constant weight in an air oven maintained at 200 °C.
Size spectrum analysis was carried out by sieve shaker using 10, 5, 3.15, 1, 0.25
and 0.15 mm opening sieves. Chemical analyses of base mix were conducted by
using Inductively Coupled Plasma Spectrometry (ICP) method. Loss on ignition of
base mix sample was determined in a muffle furnace. Carbon content of sample was
measured by Leco CS200.

2.2 Drying Time Temperature Curves for Base Mix
and Green Mix

Drying time temperature curve for basemixwas prepared by taking 500 gmof sample
from any one base mix sample with the help of riffle divider collected before mixing
and nodulizing drum. In case of green mix, 500 gm sample was taken from green
mix samples collected after the mixing and nodulizing drum. The selected 500 gm
sample was put in a microwave oven and heated at 100 ± 5 °C for 1 min. Sample
was taken out and weight loss occurred in 1 min was calculated by weighing it in an
electronic balance. This step gives moisture removed from sample in 1 min. Again,
sample was put back in oven and heated for 1 min in 100 ± 5 °C and weight loss
occurred in 1min is calculated. These steps were repeated until themoisture removed
during particular drying step was less than 5% of moisture removed during the first
minute. Data of moisture removed in each minute were tabulated. Cumulative time
of drying verses percentage moisture in the base/green mix was plotted. The plot
was used as a reference to estimate the time required to dry the sample up to 3%
moisture level.

2.3 Determination of Granulation Index (GI) of Green Mix

From the preserved base mix sample (before MND), 500 gm was taken with the help
of riffle divider. Sample was put in microwave oven and heated at 100± 5 °C for the
time (T1) required (calculated earlier in drying time temperature curve for base mix)
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to bring down moisture content to 3.0 ± 5% in sample. Sample was then removed
from oven and screened for one minute using the 1ow tap (sieve size 10, 5, 2, 1,
0.5, 0.25 mm). Weights of different fractions of screened materials were measured
(by putting the fines adhered to the back side of the screen into the screen of the
succeeding grade).

In the same manner, 500 gm samples from various prepared green mix samples
(after NMD) were taken and dried in oven to get 3.0 ± 5% moisture in sample for
the time (T2) (time T2 required to get 3%moisture were already calculated in drying
time temperature curve for these green mix samples). After drying samples were
screened for one minute using the low tap (sieve size 10, 5, 2, 1, 0.5, 0.25 mm).
Weights of different fractions of screened materials were measured (by putting the
fines adhered to the back side of the screen into the screen of the succeeding grade).

Granulation index (GI) of green mix was calculated using the following formula:

GI0.25 = Wa − Wb

Wa
× 100

where,

Wa weight of −0.25 mm particles in the base mix (before MND)
Wb weight of −0.25 mm particles in the green mix (after MND)

GI0.50 = Wc − Wd

Wc
× 100

where,

Wc weight of −0.50 mm particles in the base mix (before MND)
Wd weight of −0.50 mm particles in the green mix (after MND)

2.4 Installation of Variable-Voltage/variable-Frequency
(VVVF) Drive in MND at SP3

At SP3, MND runs at constant motor RPM 1400. To optimize the motor speed
to get maximum output from MND in terms of increase in granulation index and
reduce electrical power energy, variable-voltage/variable-frequency (VVVF) drive
was installed in MNDHTmotor at SP3. MNDmotor rpm reduced in steps of 25 rpm
from 1400 to 1250.
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2.5 Measurement of Reduction Degradation Index (RDI)
and Tumbler Index (TI) of Product Sinter

Sinter samples were collected from auto sampler fitted on conveyor belt used for
dispatching product sinter to blast furnaces. Sinter sample quantity was reduced
with help of riffle divider and final samples were taken to laboratory for RDI, TI
and other analysis on product sinter. For RDI, 10–15 mm sample was selected and
dried in air oven at 105 °C for 2 h. After drying, 500 gm sample was put in RDI
Testing Furnace and temperature of furnace increased to 550 °C under N2 gas flow.
At 550 °C, (CO: 30%+N2: 70%) gas passed at 15 L/minute through the RDI sample
for 30min. After cooling in N2 atmosphere, RDI sample is rotated at 30 RPM for 900
revolutions in small RDI drum having length 200 mm and diameter 130 mm fitted
with lifter of 5 mm. After rotation of RDI sample in RDI drum, sample is sieved in
3.15 mm sieve and −3.15 mm weight fraction reported as sinter RDI in percentage.
Determination of Tumbler Index of product sinter was carried out by IS 6495 (1984).

3 Results and Discussion

Moisture and chemical analyses of raw materials used for base mix is given in Table
2. Size spectrum and chemical analysis of collected sinter base mix samples are
shown in Tables 3 and 4 respectively. The Drying time temperature curves for base
mix and green mix samples are depicted in Fig. 1. In these curves, T1 and T2 are
the time required to heat the fresh samples of base mix and green mix respectively
at 100 ± 5 °C in micro wave oven to reduce the moisture content to approximately
3% level.

Trial started with installed variable-voltage/variable-frequency (VVVF) drive
from 10th April 2020. MND HTmotor rpm reduced in steps of 25 rpm from 1400 to
1250. Initially, MND RPM reduced from 1400 to 1375 and process parameters were
monitored. Gradually RPM reduced to 1250 till 29th April 2020. Electrical power
consumption in kWh and granulation index (GI) with reduced level of MND motor
speed were monitored and tabulated in Table 5.

Reduction in MND HT motor RPM with the help of variable-voltage/variable-
frequency (VVVF) drive is shown in Fig. 2. Granulation index (0.25) and (0.50)
measured over long period before and after installation of variable-voltage/variable-
frequency (VVVF) drive in MND motor at SP3 are depicted in Figs. 3 and 4 respec-
tively. Increase in sinter production enabled by increase in granulation index of
sinter mix due to lowering of MND motor RPM is presented in Fig. 5. Reduction in
electrical power consumption for MND is shown in Fig. 6. Improvement in sinter
reduction degradation index (RDI) and Tumbler Index (TI) is represented in Figs. 7
and 8 respectively.

From Figs. 3 and 4 it can be observed that granulation index (GI) of sinter mix
improved from 72–74 to 75–79% in case of GI (0.25) and it has improved from
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Table 3 Size spectrum of base mix

Size
analysis

−0.15
MM

+0.25
MM

+0.15
MM

+1.0 MM +3.15
MM

+8 MM +10 MM

% 6.3 25.6 4.4 26.2 28.2 4.7 4.5

62–69% to 70–74% in case of GI (0.5). This improvement in GI is attributed to
increase in retention time of sinter mix in MND. Higher retention time of sinter
mix in MND due to lowering of NMD motor RPM facilitated better nodulizing of
sinter mix which resulted in improvement in GI. Higher GI of sinter mix helped to
achieve higher sinter production ~50 ton/shift as shown in Fig. 5. This higher sinter
productionwas realized, despite of operatingwith lower calcined lime trimming (1%)
against average of 1.5% throughout the trial period. Increase in sinter production was
enabled by better sinter bed permeability due to increase in sinter feedmixGI. Higher
sinter bed permeability allows faster rate of sintering and higher sinter production
rate. Increase in sinter plant productivity attained was approximately 1 t/m2/day.
In Fig. 6, it can be seen that lowering the speed of HT motor of MND facilitated
reduction of electrical power consumption by ~150 kWh / Shift. As bed permeability
improved with increase in sinter mix GI, waste gas fan RPM reduced from 930 to
900 which also runs with help of HT motor. This further contributed in reducing
the overall electrical power consumption in sinter making. From Figs. 7 and 8, it
can be observed that with increase in sinter mix GI due to reduction in MND motor
speed helped in maintaining and improving the product sinter quality like RDI & TI
as per blast furnaces’ (customers’) requirements. Better product sinter quality was
achieved because of homogeneous and complete sintering due to improved sinter
bed permeability.

4 Conclusions

In an attempt to reduce the electrical power consumption in sinter making by
improving granulation of sinter feed mix, a variable-voltage/variable-frequency
(VVVF)drive installed inMNDatSP3 and experimentswere conductedwith reduced
MNDmotor RPM to improve GI and saving of electrical power energy. Experiments
were conducted in a running sinter plant. Following conclusions could be made from
the present work:

• Granulation of sinter feed mix improves with optimization of MND motor RPM.
• With higher sinter feed mix Granulation Index (GI), sinter production and

productivity was increased.
• Lowering of MND motor RPM resulted in reduction of electrical power

consumption.
• Product sinter quality was maintained as per the requirements of blast furnaces.
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Fig. 1 Drying time temperature curve for base mix (before MND) and green mix (after MND)

Table 5 Electrical power consumption in kWh and granulation index (GI) with reduced level of
MND motor speed

Date Shift (8 hr) MND RPM Production rate
(tonnes per shift)

MND kWh (Shift
AVG)

GI_0.25 GI_0.50

10.04.20 Base 1400 2700 190.5 73.53 67.95

10.04.20 A 1375 2710 185.2

10.04.20 B 1350 2720 183.7

10.04.20 C 1350 2720 185.8

11.04.20 A 1350 2720 188.4 74.63 68.85

11.04.20 B 1350 2740 185.8

11.04.20 C 1350 2730 182.3

12.04.20 A 1350 2750 183.1

12.04.20 B 1350 2720 185.2

12.04.20 C 1350 2750 186.5

13.04.20 A 1350 2800 187 74.89 69.57

13.04.20 B 1325 2850 189.05

13.04.20 C 1325 2750 181.69

(continued)
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Table 5 (continued)

Date Shift (8 hr) MND RPM Production rate
(tonnes per shift)

MND kWh (Shift
AVG)

GI_0.25 GI_0.50

14.04.20 A 1325 2850 185.06 76.93 70.14

14.04.20 B 1325 2750 184.79

14.04.20 C 1325 2800 181.69

15.04.20 A 1325 2800 180.29

15.04.20 B 1325 2800 182.54

15.04.20 C 1325 2800 183.21

16.04.20 A 1325 2775 175.25 77.69 70.77

16.04.20 B 1300 2800 177.95

16.04.20 C 1300 2775 182.72

17.04.20 A 1300 2800 180.96 77.41 70.26

17.04.20 B 1300 2675 168.12

17.04.20 C 1300 2800 179.05

18.04.20 A 1300 2800 180.13

18.04.20 B 1300 2800 180.36

18.04.20 C 1300 2800 180.63

19.04.20 A 1300 2850 183.47

19.04.20 B 1300 2850 183.75

19.04.20 C 1300 2800 181.86

20.04.20 A 1300 2850 182.28 79.33 73.22

20.04.20 B 1300 2850 179.27

20.04.20 C 1300 2700 174.08

21.04.20 A 1300 2800 175.94

21.04.20 B 1300 2750 171.8

21.04.20 C 1300 2800 178.81

22.04.20 A 1300 2750 178.95 78.94 72.43

22.04.20 B 1300 2800 181.57

22.04.20 C 1300 2850 181.08

23.04.20 A 1300 2800 178.86 78.25 73.17

23.04.20 B 1300 2820 173.73

23.04.20 C 1300 2850 174

24.04.20 A 1300 2700 171.53

24.04.20 B 1300 2750 171.75

24.04.20 C 1300 2850 170.79

25.04.20 A 1275 2800 173.26 77.21 71.31

25.04.20 B 1275 2800 171.8

(continued)
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Table 5 (continued)

Date Shift (8 hr) MND RPM Production rate
(tonnes per shift)

MND kWh (Shift
AVG)

GI_0.25 GI_0.50

25.04.20 C 1275 2850 172

26.04.20 A 1275 2800 171.77 78.40 71.48

26.04.20 B 1275 2850 170

26.04.20 C 1275 2820 170.53

27.04.20 A 1250 2850 169.04

27.04.20 B 1250 2830 169.5

27.04.20 C 1250 2865 169.5

28.04.20 A 1250 2850 169.85 76.59 71.58

28.04.20 B 1250 2900 170

28.04.20 C 1250 2850 169.9

29.04.20 A 1250 2850 169.8 79.66 73.98

Fig. 2 Reduction in MND motor RPM with the help of VVVF drive
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Fig. 3 Granulation index (0.25) before and after installation of (VVVF) drive

Fig. 4 Granulation index (0.5) before and after installation of (VVVF) drive

Fig. 5 Increase in sinter production enabled by increase in GI of sinter mix
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Fig. 6 Reduction in electrical power consumption for MND

Fig. 7 Improvement in sinter reduction degradation index (RDI)

Fig. 8 Improvement in sinter Tumbler Index (TI)
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Investigation of the Selective Oxidation
Process for High Strength Steels

Suman Sadhu, Anindita Chakraborty, Shiv Brat Singh,
and Arup Kumar Halder

1 Introduction

Advanced high strength steels (AHSS) are being used widely owing to their superior
combination of strength and formability. Combinations of this properties are obtained
by adding various alloying elements like aluminium, manganese, chromium, silicon
etc. However, the corrosion property is of equal importance. A protective Zn coating
has been applied on to the surface by continuous Hot-Dip Galvanizing Process, in
order to protect AHSS from corrosion [1]. So, the challenge is not only to produce
AHSShaving high strength and superior ductility, but also to protect it from corrosion
by applying Zn coating on it.

Before entering into the molten Zn bath, the steel strips are passed through
annealing furnace to obtain desired final microstructure. The furnace section consists
of 1. Direct Fired Furnace (DFF), 2. Radiant Tube Furnace (RTF) and 3. Jet Cooled
furnace (JCF). In the direct fired furnace, the sample is rapidly heated up to 650 °C
followed by annealing at radiant tube furnace at the temperature range of 750–
820 °C. Then cooled to 460 °C prior to dipping into the molten Zn bath. Generally,
the annealing atmosphere used for many commercial units is 5% H2 + N2 with -
30 °C dew point [2]. This atmosphere is reducing for iron but oxidizing for the other
alloying elements (Mn, Si, Cr, Al etc.) that are present in AHSS. Those alloying
elements, will be oxidised to form different oxides (MnO, SiO2, Cr2O3, MnAl2O4,
MnCr2O4 etc.). This phenomenon is called selective oxidation. The oxides cover the
surface of the steels, resulting in poor wetting ability with molten Zn. Therefore,
adhesion of molten Zn with the substrate reduces, causing bare spot formation on the
galvanised sample [2–4]. In order to achieve better adhesion, the surface is oxidised
at first to form FeO layer on the top surface. Oxides of other alloying elements are
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embedded within the FeO layer or lie under the FeO layer. In the next step, the FeO
is reduced in a reducing atmosphere to form pure Fe layer on the surface.

A number of researches has been done on the selective oxidation to understand
the influence of alloying elements and oxidation atmosphere. Liu et al. [5] and
Maderthaner et al. [6] showed the effect of dew point on the sub surface segre-
gation of alloying elements, oxide morphology. Influence of alloying elements and
annealing temperature on selective oxidation has been reported by I. Olefjord et al.
[7] and Swaminathan et al. [8]. First theoretical model of internal oxidation has been
developed by Wagner [9]. However, it is limited for binary alloys and oxidation in
single oxidant only. Based on Wagner model a number of extended solutions has
been proposed by Huin et al. [10], Whittle et al. [11] and Rapp [12]. These works
used analytical solutions to solve the problem.

In this present work, the focus is on developing a numerical model to simultane-
ously simulate the diffusion of the chemical species and precipitation of the oxide in
the steel matrix. The depth of Internal Oxidation Zone (IOZ) has been obtained as a
function of the furnace atmosphere, annealing temperature and the alloy composition
so that it would be possible to choose the suitable annealing atmosphere for different
alloy compositions without doing extensive trial and error type experiment. Also a
few sets of TGA experiment has been done for Fe-1.58 wt.% Mn in order to know
the Wustite formation kinetics. The composition is so selected that it covers the Mn
composition range that is typically used from steels with 600–1200 MPa steels in
general.

2 Numerical Model of Oxide Formation Kinetics

A 1 D implicit has been developed which will simulate simultaneous diffusion of
chemical species and precipitation of oxides (as shown in Fig. 1). Concentration
profile of the alloying element from surface to the bulk has been obtain as a func-
tion of dew point, furnace atmosphere, furnace temperature and alloy composition.
This model is based on few assumptions: 1. Fe, which provides the matrix phase is

Fig. 1 Schematic diagram
of elementary volume

Fe Matrix 

Oxide Precipitates 
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considered as a noble metal, and it won’t combine with other chemical species, 2.
Sufficiently large elementary volume has been considered which will contain both
matrix and precipitate phase, 3. Only local thermodynamic equilibrium has been
considered.

2.1 Numerical Algorithm and Boundary Condition

A total domain length of 1 µm has been considered which is then discretise into
101 grid points. During the simulation the steel surface will be in contact with the
annealing atmosphere at a constant dew point. It is assumed that on the surface
oxygen and the steel substrate are in local equilibrium and the dissolve oxygen
concentration of the surface will remain constant (for isothermal annealing) during
the whole iteration.

Xo represent the surface nodes and Xn is the node which lie inside the sample in
between nodes are termed as Xi (where i = 0, 1, 2,……) (as shown in Fig. 2). And
the distance between consecutive grid point is termed as ΔX (=Xi+1-Xi). For sake of
simplicity this distance is considered to be identical here. In practise, to obtain more
accurate distribution of concentration profile the mesh is refined near the surface.

It is assumed that at the nth node (Xn, the node lies deep inside the sheet) the
concentration of oxygen and the alloying element is fixed, so boundary condition at
nth grid point we have

C0(Xn) = 0; and Ci (Xn) = CCore
i

where subscript “o” denotes the oxidising elements (i.e. oxygen) and subscript “i”
represents the alloying element (like Mn, Si, Cr, Al etc.). CCore

i define the concen-
tration of the oxidizable element at the core or nth grid point which is equals to the
bulk composition of that element with in that steel grade. As oxygen concentration
is zero at nth grid point, so, there is no precipitates forming, so P∝(Xn) = 0. Where,
P∝ is the mass fraction of the precipitate α. And total concentration of the oxidizable

X0

X =0 
Xi Xi+1Xi-1 Xn

X 

ΔX 

Fig. 2 Discretisation of 1dimensional space
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element Wi (Xn) is equal to the dissolve concentration of that element at that grid
point [i.e., Wi (Xn) = Ci (Xn)].

At the surface node, the dissolve concentration of the oxygen is given by the
equilibrium partial pressure of oxygen at the furnace atmosphere. And for isothermal
annealing which is assumed to be constant during the whole annealing process. And
it is assumed that there is no outward flux of the oxidizable elements through the
surface node. So, the boundary condition for X0 grid point (i.e., the surface grid
point) are

C0(Xn) = CSur f
0 ; and

(
∂Ci

∂x

)
x0

= 0

2.2 Numerical Solution

Solution of the above model requires 1. Consideration of local thermodynamic equi-
librium at each grid point, 2.Mass balance and 3. Generating discretise equation for
diffusion at eacgripnt a solving them numerically using implicit scheme.

Thermodynamic Equilibrium. The condition for the precipitation depends on
the solubility product equation i.e.

n∏
i=1

CNiα
i ≥ kSPα (1)

where,
Ci is the dissolve concentration of the oxidizable eminent, Niα is the stoichio-

metric coefficient of element i in the precipitate phase (α). And n is the number of
element present with in the oxide phase, K sp

α denotes the solubility product of the
precipitate phase.

So, when the multiplication of the dissolve concentration raised to the power of
stoichiometric ratio of the element present in the precipitates is less then Ksp

α , then
no precipitate will form (P∝ = 0).

Mass Balance. Total number of atoms of an element can be equated with the
summation of the number of elements presents in all their possible form, such as
dissolve in the matrix or embedded in the precipitate phase.

If total mass fraction of the element i is denoted as.
Wi and their molar mass is denoted by.
Mi then the mass balance equation can be written as.

Wi

Mi
= Ci

Mi
+

nα∑
α=1

Niα
Pα

Mα

(2)
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where, Mα is the molar mass of the precipitate phase α and nα is the number of
precipitate phase, and Pα is the fraction of the precipitate phase α.

Combining the Eqs. (1) and (2) one can get a polynomial equation of Pα which
then can be solved using Newton Raphson method to obtain equilibrium amount of
precipitate that will form at each grid point for that time step.

Discretise Equation for Diffusion. Fick’s second law is used as governing
equation for generating discretise equation for the diffusion.

∂C

∂t
= D

∂2C

∂x2
(3)

Equation (3) is then discretised by applying Taylor’s theorem and we obtain

Cn
i − Cn−1

i

�t
= Di

[
Cn
i−1 − 2Cn

i + Cn
i+1

(�x)2

]
(4)

where, superscript n denotes the present time step and Di is the diffusivity of the
element i. Although there is no limitation on selecting time step as the algorithm is
implicit, but for better accuracy small time step (~10–5 s) is used.

Further expansion of Eq. (4) gives the discretise equation for ith grid point (where
i = 1, 2, 3,…….).

Cn
i − Cn−1

i = Di × �t

(�x)2
[
Cn
i−1 − 2Cn

i + Cn
i+1

]

Cn
i − Cn−1

i = λ × Cn
i+1 − 2 × λ × Cn

i + λ × Cn
i−1 taking,

λ = Di × �t

(�x)2

− λCn
i−1 + (1 + 2λ)Cn

i − λCn
i+1 = Cn−1

i

Discretise equation for boundary grid point also be obtain by applying the above-
mentioned boundary condition. All the discretise equation obtained for each element
(for oxidant and for oxidizable elements) are then solve by Tridiagonal Matrix
Algorithm (TDMA) solver.

3 Experiment

Fe-1.58 wt.%Mn alloy has beenmelted in inductionmelting furnace followed by hot
and cold rolling. Both side of the steel sheet is first polished up to 4000 grade emery
paper followed by diamond polishing. After polishing the sheet was cut into small
pieces having 50–100 mg weight. After that thermogravimetric analysis has been
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done to understand Wustite formation kinetics for those sample at three different
oxidising temperature, which has been maintained by maintaining CO2/CO ratio 1,2
and 3 in the furnace. For each oxidizing atmosphere the samples were first heated
to three different peak temperatures (650 °C, 750 °C and 850 °C) with heating rate
of 15 K/min. then the samples were hold at the peak temperatures for 2 h. And then
finally cooled down to the room temperature with cooling rate of 15 K/min. During
heating and cooling only Ar gas (40 ml/min) was purged and during holding period
CO2 and CO gas mixture was purged along with Ar. The gas mixture of Ar + CO
+ CO2 is used to simulate the industrial atmosphere. As the oxygen required is very
less and is difficult to control precisely that level of partial pressure of oxygen during
experiment, so only O2 is not used here as oxidising atmosphere.

4 Results and Discussions

4.1 Simulation Results

Isothermal Annealing (Binary Alloy). The isothermal annealing of Fe-1.58 wt.%
Mn steel at isothermal holding temperature of 800 °C for 90 s at dew point of−40 °C
has been considered, which involves diffusion of Mn and O to form MnO. 5%H2 +
95% N2 was used as furnace atmosphere during the whole annealing treatment.

The equilibrium partial pressure of oxygen andCSur f
o values corresponding to the

above-mentioned condition was calculated as following. Initially the partial pressure

of the saturatedwater vapour in the furnace
(
pH2O
sat

)
is calculated by the data provided

by thermodata bank [13].

log10 p
H2O
sat = 9.80DP

273.8+DP − 2.22 Dew Point (DP) ≤ 0 ◦C
log10 p

H2O
sat = 7.58DP

240+DP − 2.22 Dew Point (DP) > 0 ◦C

The equilibrium partial pressure of oxygen is then calculated by the relation
provided by Rist et al. [14]. Where,

pH2 is the partial pressure of H2 in the furnace.

log10 pO2 = 6.0 − 26176/T + 2 log
pH2O
Sat

pH2

Finally, the dissolve mass fraction of oxygen at the surface is given by Swisher
and Turkdogan’s [15] formula.

log10C
Sur f
0 = 1.0 − 9398/T + 1/2log pO2
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Fig. 3 Concentration profile of total mass fraction of Mn (isothermal annealing, precipitation of
MnO)

Diffusion coefficient of the elements (inµm2 s−1) are obtained from the following
formula taken from Oikawa et al. [16].Where T is in K.

DO = 2.44 × 105exp(−11078/T )

DMn = 7.56 × 107exp(−26983/T )

DSi = 7.35 × 107exp(−26439/T ).

The values of diffusion coefficients ofMn and O at the above-mentioned tempera-
ture are 9.06× 10–4 µm2s−1 and 8.01µm2s−1 respectively andCSur f

o = 9.23× 10–3

ppm. The following profile of total mass fraction of Mn and dissolve mass fraction
of oxygen. Depth of Internal Oxidation Zone (IOZ) obtain is 0.41 µm (Figs. 3 and
4).

The same model has been run at different dew point temperature, keeping all
other variable same. It has been observed that with increasing dew point the depth of
internal oxidation zone increases exponentially and at the same time the total mass
fraction of Mn decreases at the surface. This is because of increasing inward flux of
oxygenwith increasing dew point. Therefore, prone of oxidation of interior grid point
increases, which results both in increase of depth of IOZ and decrease of total Mn
concentration at the surface. So, to obtain higher depth of IOZ it is more preferable
to increase the dew point rather than increasing annealing time. The profile for total
mass fraction of Mn at three different dew point has been shown in the Fig. 5. The
effect of dew point on the depth of IOZ and total Mn concentration at the surface has
been shown in the Fig. 6(a and b) (Table 1).
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Fig. 4 Concentration profile of dissolve mass fraction of oxygen (isothermal annealing, precipita-
tion of MnO)
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Fig. 5 Total mass fraction of manganese vs distance for isothermal annealing of Fe-1.58 wt.%Mn
at 800 °C

Isothermal Annealing (Ternary Alloy). Now the isothermal annealing of a
1.58 wt.% Mn and 0.1 wt.% Si steel, involving diffusion of Mn, Si, and O and
precipitation of simple oxide MnO and SiO2 has been considered. The temperature
of the annealing furnace is 800 °C and the dew point is -40 °C. The values of the
diffusion coefficients, solubility products of the elements are DMn = 9.06 × 10–4

(µm)2/sec, DSi = 1.48 × 10–3 (µm)2/sec, DO = 8.01 × 10 (µm)2/sec, Ksp
MnO = 7.19
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Fig. 6 Effect of dew point on a total mass fraction of Mn at the surface, b depth of IOZ

Table 1 Variation of depth of IOZ and total mass fraction of Mn at the surface with dew point

Dew Point (oC) −40 −10 20 40 60

Depth of IOZ (µm) 0.41 0.49 1 1.6 2.35

log (total Mn) |at surface 5.92 4.83 4.32 4.24 4.21

ppm2, KSiO2 = 3.07 × 10–5 ppm3. As Si has more prone to oxidation as compared
to Mn, it has been assumed that SiO2 will form first and then followed by MnO
formation (if CMn× CO>K

sp
MnO satisfy) (Fig. 7).

Due to the large solubility product of MnO precipitation of MnO occur over a
much smaller distance than precipitation of SiO2. It has been also observed that
enrichment of Si occurs over a large distance whereas precipitation of MnO occur
solely at the surface nodes. After surface nodes there is sudden drop of total Mn
concentration at the next node.

Anisothermal Annealing. Anisothermal annealing of Fe-1.58 wt.% Mn binary
alloy has been considered at annealing temperature of 750 °C at two different dew
point of + 20 °C and + 30 °C. Heating cycle is: (i) temperature will continuously
rise from 25 °C to 750 °C at heating rate of 15 K/s, (ii) isothermal holding at 750 °C
for 90 s and (iii) finally cooled to room temperature from 750 °C at a cooling rate
of 30 K/s. Total mass fraction of Mn vs distance at different stages of anisothermal
annealing of Fe-1.58 wt.% Mn at 750 °C temperature and dew point of + 30 °C has
been plotted on Fig. 8.

As the curves have different minima it is not possible to deduce them from each
other by dilation or contraction of space. Mn enrichment at the surface and depletion
ofMnconcentration observed at the end of heating cycle itself.Depth of depletion and
IOZ has been increase at the end of isothermal stages and depletion level increases
little more during cooling period. Which suggest that heating and cooling rate will
have effect on the final depth of IOZ. The corresponding values of depth of IOZ at
each stage are listed below in the table (Table 2).
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Fig.7 Total mass fraction of Mn and Si for isothermal annealing of Fe-1.58 wt.% Mn-0.1 wt.% Si
steel (precipitation of MnO and SiO2)
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Fig. 8 Anisothermal annealing of Fe-1.58 wt.% Mn, oxidised at 750 °C at dew point of + 30 °C
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Table 2 Depth of IOZ at
different stages of annealing

Stages of
annealing

End of heating End of
isothermal
stage

End of
annealing
treatment

Depth of
IOZ (µm)

0.16 0.8 0.84

y = -0.0005x2 + 0.1365x + 2.5594
R² = 0.9903
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Fig. 9 Weight gains vs time for Fe-1.58wt.%Mn for oxidation at a 750 °C, CO2/CO= 2, b 850 °C,
CO2/CO = 2

4.2 Oxidation Kinetics

From the TGAplot of the sample oxidised at different oxidising atmosphere and peak
temperature, it has been observed that the oxide growth kinetics follows parabolic
law. It has been observed that with increasing temperature the curve tends to follow
nearly linear path. The weight gains vs time for the holding period of the sample
oxidized at 850 °C and 750 °C for CO2/CO ratio 2 has been shown in the Fig. 9.

OxideMorphology. The top surfaces of the oxidized sample were analysed using
ScanningElectronMicroscopy (SEM).The top surface images of the oxidized sample
at different temperatures and CO2/CO ratios are shown in the Fig. 10. It is observed
that the top surface of the oxidised sample is fully covered with the oxide layer. The
different in contrast is observed in Fig. 10(a–f) due to the porous structure of the oxide
layer. It has been observed that with increasing temperature the oxide morphology
changes from lump shaped to island shaped oxide. The sample oxidised at 650 °C and
750 °C has lump shaped oxide while oxidation occurs at high temperature (850 °C)
showed island like oxide particle surrounded by a network of oxide. The EDS of top
surfaces of the samples shows same composition (62–68% Fe, 30–36% O and 1.16
to 3.78%Mn) on both the contrast (network and island).Which suggest that different
contrast observed in Fig. 9(g–i) is due to the different oxidation kinetics in the grain
boundary as compared to the grain body. With increasing CO2/CO ratio the particle
size of the oxide is found to be increase.
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a b c

d e f

g h i

Fig. 10 SEM images of the top surfaces of the oxidized samples at different temperature and
CO2/CO ratio a 650 °C, CO2/CO = 1, b 650 °C, CO2/CO = 2, c 650 °C, CO2/CO = 3, d 750 °C,
CO2/CO = 1, e 750 °C, CO2/CO = 2, f 750 °C, CO2/CO = 3, g 850 °C, CO2/CO = 1, h 850 °C,
CO2/CO = 2, i 850 °C, CO2/CO = 3

5 Conclusion

From the result of numerical simulation and the oxidation experiment the following
conclusion can be made.

1. Low dew point (near about −40 °C), which provides reducing environment for
Fe, forms higher amount of MnO near the surface and causes poor adhesion of
the coating with the substrate.

2. Increasing dew point increases the inwards flux of the oxygen which causes
increase in the depth of IOZ (exponentially).

3. Increasing dew point temperature causes decrease in the surface oxidation, and
it Increases the depth of IOZ. So, if in case high depth of IOZ is needed it is
more desirable to achieve it by increasing dew point rather than increasing time.

4. From the modelling it is observed that amount of surface oxidation decreases
with increasing dew point. So, increasing dew point during annealing increases
the equilibrium partial pressure of oxygenwhichmay provide suitable oxidising
atmosphere (ranges can be obtain from Ellingham diagram) for Fe to form FeO
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and at the same time it reduces the amount of MnO on the surface as it increases
the inward flux of oxygen.

5. For the alloy having more than one alloying elements, the oxide of the alloying
element having lower affinity towards oxygen will precipitate out near the
surface and the oxide of the alloying element having higher affinity toward
oxygen will be distributed over a large region.

6. Anisothermal annealing of Fe–Mnbinary alloys showenrichment ofMnnear the
surface and the depletion of dissolve Mn occurs during the heating period itself,
and the large growth of the IOZ occur during the isothermal holding period,
and it grows a lIttle bit during cooling periods. So, we can say that heating and
cooling rate will have effect on the final depth of IOZ of the oxidised sample.

7. Thermogravimetric analysis data shows parabolic growth of the oxide layer.
And at higher temperature the growth started with a parabolic growth region
and it tends to be flattened and follows nearly linear growth.

8. Oxide formed at 650 °C and 750 °C has lump shaped oxide while the oxide
formed at higher temperature (850 °C) show island shaped oxide.

9. Size of the oxide particle increases with increasing the CO2/CO ratio.
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Microstructure Evolution in Medium
Mn, High Al Low-Density Steel During
Different Continuous Cooling Regimes

Biraj Kumar Sahoo, Suman Sadhu, Avanish Kumar Chandan,
Gaurav Kumar Bansal, V. C. Srivastava, and S. G. Chowdhury

1 Introduction

Automotive vehicles are one of the major sources of greenhouse gas emissions in
the world because of which stringent environmental norms to control emissions have
been implemented globally in recent years [1–4]. There is an imminent require-
ment for weight saving in the body-in-white (BIW) of conventional vehicles and to
compensate for the weight of batteries/cells in upcoming electric or hybrid vehicles.
A weight saving of 10% results in a 6–8% improvement in fuel economy and even-
tually reduces emission [5]. As steel comprises, 50–70% weight of the vehicle, an
approach that can be adopted, is to make the steel lighter without compromising the
required mechanical properties. In this context, Al (density= 2.7 g/cc) has emerged
as the chief alloying element for density reduction in steel. For every 1% addition of
Al, there is a decrease in density of 1.3% due to the combined effect of lower atomic
weight and lattice dilatation [6]. The development of low-density steel by alloying
with high aluminum seems to be a viable option.

The addition of a high amount of Al to steel expands the ferrite phase field, as a
result, the δ-ferrite formed during solidification remains untransformed and retained
at room temperature [7, 8]. Tomake the phase transformation feasible, the addition of
austenite stabilizers like Mn, C is done in these steels. The austenite transformation
helps to tailor themicrostructure and imparts necessary formability to the steel. Based
on the relative amount of Al and (Mn+ C), low-density steels could be single-phase
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ferritic or multiphase such as the duplex steel (ferrite and austenite), or triplex steel
(ferrite, austenite, and k-carbide), depending on the stable phase formed at room
temperature [1]. It has been reported that a maximum of 11 wt.% of aluminum is
feasible to add in ferritic low-density steels. Addition of excess aluminum leads to
the formation of a brittle intermetallics like iron aluminides [4, 7, 9]. While with
the addition of austenite stabilizers like Mn, C, the amount of Al addition can be
increased. Also, the addition of a minor amount (<1 wt.%) of Si in these alloys has
a beneficial effect as it accelerates the kinetics of k-carbide formation. The presence
of Si increases the activity of C in austenite and thus increases its partitioning to
k-carbide, which has a direct effect on increasing the strength of the alloy [10].
Recently, the addition of Ni in high Al has also been explored. Nickel has been
found to be effective in forming B2 Ni–Al type precipitates that impart necessary
strength to the alloy [11–13]. The Fe-Mn-Al-C steel has a promising application in
automotive because of its low density, high strength, and good ductility [4, 6].

In the present work, a high Al steel composition, Fe-13 Al-12 Mn-4.8 Ni-0.8
C-0.35 Si wt.% is taken up for the study. The thermodynamic assessment of the alloy
is done to understand the partitioning behavior of the elements. The study focuses
on the phase evolution and k-carbide precipitation in the alloy, after two-phase heat
treatment, followed by continuous cooling to room temperature through different
cooling regimes i.e. water quenching, air cooling and furnace cooling.

2 Materials and Methods

The alloy preparation was done at a laboratory scale in a 2 kg vacuum induction
melting furnace. High purity alloying elements were used for the alloy preparation.
The composition of the alloy obtained is shown in Table 1. Thermodynamic analysis
of the alloy was carried out in Themo-Calc software using the TCFE9 database.

The as-cast ingot was given homogenization treatment at 1200 °C for a duration
of 3 h followed by hot forging to a plate of 20 mm thickness and then quenched
in water. The as-forged alloy samples were then reheated to a two-phase ferrite–
austenite region at a temperature of 1150 °C for 30 min. Samples were then cooled
to room temperature through different cooling regimes viz. water quenching (WQ),
air cooling (AC), and furnace cooling (FC). The approximate average cooling rate
in WQ, AC and FC samples are 100 °C/s, 10 °C/s and 0.05 °C/s respectively. The
schematics of the heat treatment and cooling schedule is shown in Fig. 1.

Table 1 Chemical composition (wt.%) analysis of the steel used in the study

Elements C Mn Al Ni Si S P Fe

wt.% 0.80 12.40 12.60 4.8 0.35 0.01 0.02 Bal



Microstructure Evolution in Medium Mn, High Al … 93

Fig. 1 Schematics of the heat treatment schedule

The heat-treated samples were mechanically grinded and prepared using stan-
dard metallography techniques followed by etching in a 6% Nital solution for 2–
3 min. Microstructural characterization of the samples was done using Leica DM
2500 optical microscope and FEI Nova Nano 430 field emission scanning electron
microscope (FESEM). Composition analysis of the phases in the microstructure was
carried out using Bruker energy dispersive spectrometry (EDS) detector attached to
Hitachi S3400 SEM. To characterize the phases and their spatial distribution, elec-
tron backscattered diffraction (EBSD) analysis of the samples was carried out with
a step size of 0.1–0.2 μm in EDAX-EBSD attached to FEI Nova Nano 430 SEM.
For EBSD analysis the samples were polished in fine colloidal silica of 0.05 μm
size. The post-processing of the EBSD data was carried out in TSL OIM software
version 7. For bulk phase analysis, the X-ray diffraction (XRD) measurements of the
samples were carried out in Burker D8 XRD using Cu-Kα radiation (λ = 1.5408 Å).

3 Results and Discussion

3.1 Thermodynamic Analysis

The variation of equilibrium volume (%) of the phases with temperature obtained
from Thermo-Calc is shown in Fig. 2a. The major phases in the alloy are ferrite,
austenite, and k-carbides. The austenite phases start to form at a temperature of
925 °C and reach a maximum of ~45 vol.% at 1130 °C, thereafter it decreases with
an increase in temperature. As the equilibrium volume of the austenite phase doesn’t
go beyond 45% it implies that amajor amount of δ-ferrite formed during solidification
will remain untransformed and retained at room temperature. A large fraction (~19
vol.%) of k-carbides i.e. (Fe,Mn)3AlCwas found to form in the alloy,which dissolves
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Fig. 2 Thermodynamic analysis of the alloy from Thermo-Calc software a Equilibrium phase
fraction vs temperature plot; b, c, d and e Composition of C, Mn, Al, and Ni respectively in ferrite
and austenite
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around 1130 °C. The k-carbide formation is the result of the eutectoid decomposition
of austenite into α-ferrite and carbides [7].

The partitioning behavior of the major elements in the alloy was studied through
Thermo-Calc. The concentration of C, Mn, Al, and Ni in the two-phase region of
austenite and ferrite has been shown in Fig. 2b-e. It can be seen that C and Mn being
austenite stabilizer partitions to austenite as the composition (wt.%)ofC,Mn is higher
in the austenite phase as compared to ferrite. The C composition (Fig. 2b) in austenite
was found to initially increase with temperature due to the gradual dissolution of
k-carbides (Fig. 2a), thereafter beyond 1130 °C, it becomes nearly constant. The
Mn composition (Fig. 2c) in austenite initially decreases because of an increase in
austenite vol.%, and at a temperature beyond 1130 °C, the Mn composition profile
in austenite nearly becomes constant. Aluminum being a ferrite stabilizer was found
to partition to ferrite (Fig. 2d). Nickel was also found to partition to ferrite as shown
in Fig. 2e. Ni in general is an austenite stabilizer, however, it has been shown that in
steels containing high Al content, Ni has a higher tendency to partition to the ferrite
phase [12] as it forms more stable phases like (Ni, Fe)Al within ferrite [14].

3.2 As-Forged Microstructure

The microstructure of the alloy after forging and cooling is shown in Fig. 3. The
optical micrograph (Fig. 3a) shows the presence of two phases having bright and dark
contrast. The phases were identified through EBSD analysis, as shown in Fig. 3b.
The bright and dark phases in the optical micrographs are δ-ferrite and austenite
respectively. The fraction of austenite phase was found to be around 51% (Fig. 3b).
A large number of annealing twins were found to form in the austenite grains due
to high deformation and temperature during forging operation. As the alloy was
directly water quenched after forging, no carbides were found to be present in the
microstructure.

The elemental mapping of the elements in the forged and WQ microstructure is
shown in Fig. 3c. The brighter areas in the elemental maps show a higher concentra-
tion of elements. Mn was found to be enriched in austenite grains. While Ni and Al
were found to be enriched in ferrite grains. These results corroborate theThermo-Calc
prediction (Fig. 2), where Ni was found to partition to ferrite along with Al.

3.3 Microstructure Evolution During Different Continuous
Cooling Regimes

The SEMmicrographs of the alloy after heat treatment followed by different cooling
regimes i.e. WQ, AC, and FC are shown in Fig. 4. The alloy after water quenching
(WQ) shows a duplex microstructure consisting of δ-ferrite and austenite (Fig. 4a,
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Fig. 3 Microstructure of the alloy after forging andwater quenching aOpticalmicrograph, bEBSD
phase map, and c Elemental mapping of Mn, Al and Ni

b). The topology of the phases appears to be smooth and no considerable formation
of carbides or ordering was detected. After air cooling (AC), the microstructure
constituted primarily of austenite and δ-ferrite, along with a small amount of α-
ferrite (Fig. 4c, d). The α-ferrite was found to form inside the austenite phase as
indicated in Fig. 4c, d. Also, the surface topology of the austenite grains was found
to be granular, possibly due to the formation of fine intragranular k-carbides within
it. In the furnace cooled (FC) sample (Fig. 4e, f), along with δ-ferrite and austenite,
a considerable amount of lamellar/blocky α-ferrite and k-carbides was formed. Due
to the slow cooling rate during furnace cooling, most of the austenite underwent
eutectoid decomposition into α-ferrite and k-carbides. Also, the surface topology of
the remaining austenite phase (Fig. 4f) appears to be regularly arranged indicating
the occurrence of ordering within the austenite phase. The austenite phase formed
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Fig. 4 SEM micrographs of the heat-treated samples cooled through different cooling regimes
a and bWater quenching; c and d Air cooling; e and f Furnace cooling
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here seems to show the typical modulated type cuboidal structures of k-carbides
as found in Fe-Mn-Al-C steel [15, 16]. The k-carbides has precipitated inside the
austenite as well, giving rise to a regularly arranged modulated structure. It has been
reported that during continuous cooling of high Al duplex steels, austenite forms
from δ-ferrite, and k-carbides is precipitated at the inter-phase boundaries of ferrite
and austenite. But during slow cooling rates as in furnace cooling, the decomposition
of austenite takes place through eutectoid reaction resulting in ferrite and lamellar
carbides. However, if this reaction is incomplete the k-carbides precipitates inside
the austenite grains giving rise to a modulated structure [17, 18].

The X-ray diffraction analysis of the WQ, AC, and FC samples is shown in
Fig. 5. In the WQ sample (Fig. 5a), diffraction peaks of only austenite and ferrite
are observed. In the AC sample (Fig. 5b), predominant peaks of ferrite and austenite
are observed, but a minor splitting of the (111) austenite peak was seen (indicated
by the arrow). While in the FC sample, the split in the (111) and (200) austenite
peaks are very distinct as illustrated by the arrows in Fig. 5c. This splitting in the
austenite peaks is due to the formation of k-carbide. This is because k-carbide has an
FCC structure and its lattice parameter is very similar to that of the austenite phase
[19], and thus its XRD peaks nearly overlaps or are close to the austenite peaks.

Fig. 5 X-ray diffraction patterns of the heat-treated samples cooled through different cooling
regimes a Water quenching, b Air cooling, and c Furnace cooling
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The signature of k-carbides (minor splitting of austenite peak) in the XRD results of
AC samples confirms the presence of intragranular k-carbide in the AC sample as
observed in SEM micrograph (Fig. 4d). Also, the k-carbide peaks in the XRD data
of FC samples are in accordance with the SEM results, where the extensive presence
of lamellar and intragranular k-carbides is observed.

The phase fraction of the austenite in theWQ, AC, and FC samples was quantified
form the EBSD data. The retained austenite volume was found to be 58–60 vol.%
in the WQ and AC samples; while in the FC sample it decreased to 36 vol.% due to
extensive formation of α-ferrite and k-carbide. To further illustrate the formation of
the phases, a magnified view of the EBSD phase map of the samples has been shown
in Fig. 6. In the WQ condition (Fig. 6a), very fine α-ferrite grains were found to
nucleate inside the austenite grains, notably along austenite twin boundaries and at
the triple junction. These α-ferrite grains were not detectable in the SEMmicrograph
(Fig. 4a, b). AfterAC (Fig. 6b) theα-ferrite grains grew and stringers ofα-ferritewere
found along the austenite twin boundaries. The twin boundaries and triple junctions

Fig. 6 EBSD phase map of the heat-treated samples cooled through different cooling regimes
a Water quenching, b Air cooling, and c Furnace cooling
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have high interfacial energy and serve as potential sites for α-ferrite nucleation and
growth. While, in the FC sample (Fig. 6c), the α-ferrite grains were lamellar and
blocky due to extensive transformation and growth of the α-ferrite, formed from the
austenite.

4 Conclusion

The study presented the microstructure evolution in Fe-12Mn-13Al-4.8Ni-0.8C-
0.35Si steel subjected to two-phase heat treatment and cooled to room tempera-
ture adopting different cooling regimes i.e. water quenching (WQ), air cooling (AC)
and furnace cooling (FC). In the WQ sample, a duplex microstructure was obtained
consisting mainly of δ-ferrite and austenite along with a minor amount of fine α-
ferrite formed at austenite twin boundaries and triple junction. In the AC sample
besides δ-ferrite and austenite, a small amount ofα-ferrite and intragranular k-carbide
was found to form. Stringers of α-ferrite were found to grow along austenite twin
boundaries in the AC sample. In the FC sample, a significant amount of α-ferrite
and k-carbide was formed due to the decomposition of austenite owing to the slow
cooling rate of furnace cooling. The k-carbide formed in the FC sample was modu-
lated intragranular type (inside austenite grain) as well as in the lamellar form. The
phase fraction of austenite was found to reduce to 36 vol% in the FC sample as
compared to 58–60 vol% in the WQ and AC sample.

These high Al lightweight steels seem to be promising candidates for future auto-
motive applications [1, 4, 20]. Future research and investigation are required for
optimizing the composition, microstructure, and mechanical properties. As well,
work should be carried out in overcoming the challenges for industrial production
that include: inclusion control and re-oxidation during steelmaking, clogging during
continuous casting due to reaction of Al with mold slag, and occurrence of cracks
during cold rolling.
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Phonon Dynamics and Collective
Excitations in Cu60Zr20Hf10Ti10 Bulk
Metallic Glass

Alkesh L. Gandhi and Aditya M. Vora

1 Introduction

The Cu based BMGs have good mechanical strength, high ductility, large super-
cooled region and high thermal stability against crystallization. Since the element
Zr in a BMG maintains thermal stability and offers resistant to fracture and brit-
tleness, the material is used in the high-field superconducting magnets applications
[1–5]. The Cu60Zr20Hf 10Ti10 BMG is a typical multi application amorphous alloy
amongst quaternary Cu-Zr-Hf-Ti BMG family having good Glass Forming Ability
(GFA) and fracture strength above 2000MPa [6]. Wang et al. [7] had investigated the
crystallization and GFA of Cu60Zr20Hf 10Ti10 BMG by XRD and other characteriza-
tion techniques and also measured its elastic properties from the acoustic velocities
and density using the ultrasonic pulse-echo technic. They confirmed its glass tran-
sition temperature (Tg) between 721 and 763 K [8]. Agarwal [9] has theoretically
investigated this BMG. Borja Soto et al. have calculated the shear modulus (G) of
Cu60Zr20Hf 10Ti10 BMG [10].

The Pseudo Alloy Atom (PAA) model is used here instead of Vegard’s law [1–
5]. The collective dynamics of the longitudinal and transverse phonon modes have
been studied at room temperature in terms of the Eigen frequencies of the local-
ized collective excitations. The self-consistent phonon scheme is attempted to apply
the model pseudopotential formalism by involving phonon eigenfrequencies and
multiple scattering. Such frequencies can be expressed in terms of interatomic pair
potential [V(r)] [11] and many-body pair-correlation functions (PCF) [g(r)], which
are the vital components to represent the propagation velocity of elastic waves by
longitudinal and transverse modes of phonon dispersion curves (PDCs) from which
various thermodynamic and elastic properties can be estimated.
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Here, Shaw’s optimized constant core model pseudopotential [12] is effectively
used with five versatile local field correlation functions viz. Hartree [13], Taylor
[14], Itchimaru and Utsumi [15], Farid et al. [16], and Sarkar et al. [17] to study the
screening effects on the vibrational dynamics of the BMG. The dielectric function
plays an important role in the assessment of the potential due to screening of the
electron gas and hence, these screening functions help to study the relative effects
of exchange and correlation in the properties of the BMG. The well famous compu-
tational approach given by Hubbard-Beeby [18] is exploited so that the phonon
frequency expressions reproduce the essential characteristic features of the PDCs.
Presently, very first timeCu60Zr20Hf 10Ti10 BMG is studied here using Shaw’s model
potential with five screening functions under the pseudopotential approach. Such a
study involves computational approximations of collective density waves at larger
momenta for the BMGmaterial and the dynamical structure factors are generated up
to very largewave vectors.According toHB-approach [18], the product of the second-
order derivative of the pair potential and static PCF [g(r)] peaks near the hard-core
radius. Applying the random phase approximation, the collectivemotion in a BMG is
studied as a generalization of phonon theory. The results for the elastic constants like
Isothermal Bulk modulus (BT), Rigidity modulus (G) Poisson’s ratio (σ), Young’s
modulus (Y ), Debye temperature (θD) have been reported at room temperature (RT )
[1–5] and compared with the theoretical or experimental data, whatever, available in
the literature.

2 Computational Methodology

The expression for the pair potential in a BMG is adopted from the Wills-Harrison
model [11] inwhich the angular interaction due to partially filled d-bands in transition
metals are ignored.
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The PCF [g(r)] [1–5] can be obtained experimentally by either x-ray or neutron
diffraction technique. In the current work, they have been computed theoretically
from the effective pair potentials [V(r)].

g(r) = exp

[(−V (r)

kBT

)
− 1

]
(2)
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Show’s optimized constant core model pseudopotential, employed here, is,

W (q) = −
(
8π Z

�0q2

)[
sin qrc
qrc

]
(3)

The single parametric potential i.e. model potential parameter is,

rc = (0.51)rSZ
−1/3 (4)

The longitudinal and transverse phonon eigenfrequencies proposed by Hubbard
and Beeby in their HB-approach are given by, [18–20].
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Formulations for the longitudinal and transverse sound velocities (vL and vT ) are
carried out with,

ωL = νL .q (8)

ωT = νT .q (9)
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The elastic and thermodynamic physical properties have been computed from,

Isothermal bulk modulus, BT = ρM
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Table 1 Input parameters and constants

Z ZS Zd Rd (au) Rs (au) �0 (au)3 NC M amu rc (au)

2.20 1.50 6.70 1.77 2.18 105.84 12.00 79.01 0.8847

Young′s modulus, Y = 2G(σ + 1)

Debye temperature, ħ . (14)

The theories, equations and expressions, parameters, variables, constants etc.
with specific units and detailed computational methodology are well-defined and
discussed in respective literature. The input parameters used in the present work are
furnished in Table 1.

The entire computational software for generating data regarding interatomic pair
potentials, pair correlation functions, PDCs and Elastic-Thermodynamic properties
has been developed in FORTRAN-77.

3 Results and Discussion

The screening dependency for Cu60Zr20Hf 10Ti10 BMG is plotted by the interatomic
pair potential curves wherein the pair potential [V(r) (Ryd.)] versus interatomic
distance r(au) is plotted as shown by Fig. 1. The shape and pattern of pair potentials
are in fair agreement with those of other BMGs [1–5]. The shape, oscillation, the
first zero V(r = r0), the first minima (well-depth) with its minimum position V(rmin),
well-width etc. are seemingly affected by the nature of the screening function [1–5]
as shown in Table 2.

Inclusion of a screening function hardly changes the nature of the pair potentials,
except the V(rmin),. The first zero for all screening potentials occur nearly 3.60 au.
The well-depth is seen maximum at around 4.72 au for IU-function and minimum
at around 4.17 au for T-function. The potential energy holds negative value within
larger r-region. Though the graph pattern is according to our expectation, potential
V (r) fluctuates with increasing interatomic distances and hence the graph shows
minor oscillations after a certain value of r. A particular part of the V(r), which
indicates coulomb repulsive potential, dominates the oscillations due to the electron-
ion-electron interactions resulting in minor or negligible oscillations after the first
depression. In the attractive zone, V(r) does not become zero but converges to narrow
finite values. All V(r) curves display the of s- and d- electrons combined effect under
which the attractive part is drawn deeper while the repulsive part is drawn lower as
V(r) is shifted towards the lower r values. Thus, the derived results seem to support
the d-electron effect [21].
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Fig. 1 Ineratomic pair
potential curves
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Table 2 Observations of interatomic pair potential curves

Maximum depth position (au) For all local field correction functions

H T IU F S 1st zero V (r = r0)
for all screening
functions (au)

Waving shape
starting point (au)

4.31 4.17 4.72 4.51 4.23 3.60 6.96

The PDCs are generated attempting HB-approach [18] as graphically repre-
sented by Fig. 2 and the comparative observations are highlighted in Table 3. The
screening influence on longitudinal and transverse phonon eigenfrequencies using
H-, T-, IU-, F- and S- screening functions [13–17] based on Shaw’s optimized
constant core model pseudopotential [12].

In each PDC, the peak height is strongly dependent on the pseudopotential
approach and selected screening function employed in this computational study. The
longitudinal phonon mode oscillations seem to be more prominent than those due to
transverse mode, which confirms the collective excitations at the larger momentum
transfer due to the longitudinal phonons only and the instability of the transverse
phonons due to the anharmonicity of the atomic vibrations in the BMG. The trans-
verse mode eigenfrequencies increase with the wave vector q and then gets saturated
at some value that supports Thorpe theory [22], which describes that there are finite
liquid clusters in the glassy structure. The transverse phonons are absorbed for such
phonon frequencieswhich are larger than the smallest eigenfrequencies of the biggest
cluster. The phonon dispersion spectra display a minimum, where the static structure
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Fig. 2 Phonon dispersion
curves
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Table 3 First maxima and minima for different screening functions in the PDCs

Phonon frequencies Maxima minima positions q(Å−1) H T IU F S [10]

Longitudinal (ωL) Maxima 1.6 1.6 1.6 1.6 1.6 1.8

Minima 3.1 3.1 3.1 3.1 3.1 3.7

Transverse (ωT) Maxima 2.4 2.4 2.4 2.4 2.4 2.3

Minima 3.8 3.8 3.8 3.8 3.8 4.0

factor S(q) shows its first maximum value. The first and second crossover positions
of the ωL and ωT are seen at 2.4 au and 1.2 au respectively.

The thermodynamic and elastic properties of Cu60Zr20Hf 10Ti10 BMG, computed
from the longitudinal and transverse long-wavelength limits, are reported in Table
4. As expected, the presently calculated results show some upside deviation than the
same properties of its crystalline counterpart. The presently estimated results over-
perform a little than the experimentally observed data. This is because we have not
used any kind of ‘fitting formula’ to get the expected results. The physical condi-
tions like temperature etc., adopted while experimental work, maybe different is
another reason for a minor difference between the calculated and observed results.
The computational work can be carried out by other than the pseudopotential method
or using different combinations of another computational approach with screening
functions and pseudopotential model potential. But, still, the advantage of the present
computational work is that it has generated the theoretical sets of data, which may
be very useful to provide important information regarding this BMG.
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4 Conclusion

The present work supports the pseudopotential theory and PAAmodel. Such a study
can be carried for any multicomponent BMG. The work confirms the applicability
of the proposed model potential, screening functions and computational approach.
The presently selected Shaw’s optimized constant core model pseudopotential along
with HB-computational approach working under the screening influence of H, T,
IU, F and S localized correlation functions—all together successfully reproduce
main characteristics of the interatomic pair potential, PCFs and PDCs as they could
generate a complete and comparable data of the BMG under investigation.
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Microstructure and Texture Study
of High Temperature Upset Forged
304LN Stainless Steel

Matruprasad Rout, Shiv B. Singh, Ravi Ranjan, and Surjya K. Pal

1 Introduction

The austenitic group of stainless steel is an important group of material for nuclear,
petro-chemical and fertilizer industries [1]. These steels possess exceptional corro-
sion resistance and higher strength at high temperatures [2] which makes them
the material of choice under these severe environment. Usually produced through
thermo-mechanical processes [3], these single-phase steels [4] undergo microstruc-
tural changes which largely influence their final properties. These microstructural
changes are described by recovery, recrystallization and grain growth which are
mainly controlled by the process parameters viz. strain, strain rate and temperature
[5]. For low static fault energy (SFE) material, such as 304 austenitic stainless steel
[6, 7], the microstructural changes during deformation are primarily driven by the
discontinuous dynamic recrystallization (dDRX) [8–10]. A good number of work
describing the hot deformation behavior of this material have been reported in the
literature where the compression tests were carried out in the lower strain rate range
of 0.0001–10 s−1 [11–17]. However, axial compression or upset forging of bulk
material at a low strain rate can significantly affect the production rate, as the strain
rate is controlled by the velocity of the forging press die [18]. Hence, forging at a
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Fig. 1 a Dimensions of compression sample and b orientation of compression samples on the
as-received plate

higher strain rate is required to improve the productivity. However, the strain rate
significantly affects the material behavior, microstructure and texture development,
especially at higher temperatures [5, 17, 19]. So, in the present work, an attempt has
been made to study the development of microstructure and texture in an austenitic
stainless steel subjected to hot deformation at a strain rate of 100 s−1.

2 Experimental Details

2.1 Compression Test

The considered 304LN austenitic stainless steel material (Ni-8.04, Cr-18.29, C-
0.035, Si-0.384, Mn-1.5, Mo-0.17, N-0.09 wt. %) was obtained as a hot rolled and
solution annealed plate. Cylindrical samples of 10 mm diameter and 15 mm height
(Fig. 1a), with orientation as shown in Fig. 1b, were cut from the as-received mate-
rial. The uniaxial compression tests at strain rate of 100 s−1 were performed on
Gleeble 3800 system. Samples were heated (at the rate of 5 °C/s) to various required
test temperatures (900 °C, 1000 °C, 1100 °C and 1200 °C) and held at a particular
temperature for 5 min for uniform heating. Compressive load was then applied along
the thickness direction of the samples to deform them to a true strain of ~0.4. Samples
were then rapidly cooled to room temperature so that the deformed microstructure
can be retained for further analyses.

2.2 Characterization

The compressed samples were cut along the thickness direction and were subjected
to mechanical polishing followed by electro-polishing. Metallographic observations
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Fig. 2 IPF map and [100] IPF of as-received material

viz. microstructure and crystallographic texturewere studied at the center volume (on
RD-ND surface) of the compressed samples through electron back scatter diffraction
(EBSD). The EBSD scans, with a step size of 0.7 μm, were performed on FIB-SEM
operated at 25 kV. Obtained scan data were analyzed on TSL OIM software. Before
analyses, scan data were subjected to the standard grain-dilation clean-up procedure
for a single iteration. The developed microstructures are represented in the form of
inverse pole figure (IPF) map and the grain boundaries were characterized, based
on the misorientation angle (θ), as follows: very low angle boundaries (VLABs,
2° ≤ θ ≤ 5°), low angle boundaries (LABs, 5° < θ ≤ 15°) and high angle grain
boundaries (HAGBs, θ > 15°). For the study of coincidence site lattice (CSL) bound-
aries, Brandon criterion [20] was followed. For texture analysis, orthotropic sample
symmetry was considered to compare the compression developed texture with the
as-received material texture. The ND of as-received material is taken as the compres-
sion direction (CD) for compression test samples. The crystallographic texture, of
the as-received and the deformed samples, is represented in the form of [100] inverse
pole figure (IPF) and the texture intensities are presented in terms of maximum of
random distribution (MRD). Figure 2 shows the microstructure and the [100] IPF of
as-received 304LN austenitic stainless steel. The material was in solution annealed
condition andhence annealing twins canbe seen from themicrostructure.The average
grain size, calculated by area fraction method, was found to be ~27 μm.

3 Results and Discussions

3.1 Microstructure

Figure 3(a–d) shows the IPF map for the samples compressed at 900 °C, 1000 °C,
1100 °C, and 1200 °C with 100 s−1 strain rate. Whereas, Fig. 3(e–h) shows the
corresponding phase map. For 900 °C deformed grains can be observed and a color
gradient across the grains indicating the change in orientations can be seen. Except for
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Fig. 3 IPF maps for samples compressed at 100 s−1 a 900 °C, b 1000 °C, c 1100 °C, d 1200 °C
and e–h corresponding phase map (color code: white–austenite, red–delta ferrite)

900 °C, at all other temperatures the resultant microstructure contains recrystallized
grains. However, there is an increase in grain size with increase in the deformation
temperature can be observed. The average grain size (area fraction method) was
found to be 18 μm (±11.26 μm), 9.5 μm (±4.75 μm), 11.75 μm (±5.57 μm) and
15.18 μm (±7.8 μm) for 900 °C, 1000 °C, 1100 °C, and 1200 °C, respectively.
For grain size calculation, twin boundaries were included in the high angle grain
boundaries.

A magnified view of the IPF map of the sample deformed at 900 °C is shown
in Fig. 4a. It can be noted that the initial microstructure (Fig. 2) was in annealed
condition and the effect of deformation on the microstructure can be easily identified
from Fig. 4a. The grains got elongated as they are constrained by the surrounding
grains and hence, accommodate strain. The grain boundaries also got serrated. Apart
from the large deformed grains, small equi-axed grains can be seen which might

Fig. 4 a Magnified view of the highlighted area of the Fig. 3a, and b the corresponding grain
boundary map (black line–HAGBs and red line–�3 CSL boundaries)
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Fig. 5 Misorientation profile along a AA′ (i.e. within the grain) and b BB′ (i.e. across the grain)

be formed due to dynamic recrystallization (DRX). These strain-free grains can be
seen at the serrated grain boundaries indicating bulging as the mechanism of nuclei
formation for DRX. The DRX for deformation at lower strain rates (0.01 to 1 s−1)
was also explained by the bulging mechanism [5].

The accumulated strain within the grain is analyzed by plotting the variation
of the misorientation angle within a grain (along AA′) and is shown in Fig. 5a.
Here the misorientation along AA′ is represented both by point-to-point and point-
to-origin (A as origin). The point-to-point misorientation variation is having a low
value with two distinct peaks (5° < θ ≤ 15°). These two peaks represent the formation
of LABs. On the other hand, the point-to-origin profile is having a gradual increase
in misorientation value. This shows the misorientation formation of the same nature,
resulting in the accumulation of θ value. However, at the second peak of the point-to-
point misorientation profile, the point-to-origin profile drops sharply indicating the
misorientation formed to be of opposite nature [21]. A similar misorientation profile
plot has also been plotted across the grain boundaries (along BB′) and is shown in
Fig. 5b. Sharp peaks (θ close to 60°) can be seen for the point-to-point misorientation
profile. This indicate the formation of �3 CSL boundaries (60° around 〈111〉). The
same can also be seen from Fig. 4b (�3 boundaries are shown in red color).

3.2 Formation of δ Ferrite

Figure. 3(e–h) shows the different phases present in the deformedmicrostructure. The
presence of a small fraction of the BCC phase can be observed. These are considered
to be δ ferrite and observed near the austenite grain boundaries as can be seen from
the corresponding IPF maps (Fig. 3(a–d)). The as-received material (Fig. 2) does not
show any trace of δ ferrite. This indicates that the formation of δ ferrite is the result of
the deformation. It can be noted that the microstructure has been taken at the center
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region of the deformed samples which experience the highest strain and the chance of
formation of δ ferrite is more in the region of higher strain [22]. The development of δ
ferrite in austenitic stainless steel during high-temperature deformation at high strain
rate has been reported earlier [23–26]. Sundararaman et al. [23] and Venugopal et al.
[26] observed the δ ferrite in 304L austenitic stainless steel after the deformation at
1200 °Cwith 100 s−1 strain rate. However, in the present case, the δ ferrite is observed
for each deformation temperatures i.e. 900 °C, 1000 °C, 1100 °C and 1200 °C. This
can be noted that, for the studied material, δ ferrite has not been observed in the
lower strain rate range i.e. 0.01 to 1 s−1 [3, 5, 27]. In addition to deformation at high-
temperature and high strain rate, the composition of the 304 austenitic stainless steel
also plays an important role in the formation of δ ferrite [22]. The 304 stainless steel
with higher chromium equivalent to nickel equivalent ratio develops more δ ferrite
during high temperature deformation. However, above 1050 °C the effect of carbon
on the deformation characteristic of the 304 stainless steel material is negligible.
The development of δ ferrite in 304 stainless steel can be possible through adiabatic
heating during the plastic deformation and/or flow-induced transformation [25]. The
temperature rise (�T ) due to adiabatic heating during deformation can be calculated
from the following equation [28]

�T = 0.95η

ρCp

ε∫
0
σdε

where, η is the thermal efficiency, ρ is the density, Cp is the specific heat, σ is the
flow or true stress and ε is the true strain. For the present work, the calculated values
of �T at ε = 0.4 varies from ~12 °C to 22 °C. This small rise in temperature is
insufficient for the δ ferrite transformation. Hence, the development of δ ferrite is a
result of deformation. The transformation of austenite to ferrite is enhanced by the
dislocation interaction leading to an increase in dislocation density which eases the
transformation [29]. This transformation is observed in the region of intense shear
[26]. Also, the development of twins and twin bands at higher strain rate provides
the additional nucleation sites for the δ ferrite formation [25].

3.3 Grain Boundary Character Distributions

The fraction of different kind of grain boundaries developed after processing is shown
in Fig. 6a. As seen from the IPF map (Fig. 3a), sample compressed at 900 °C has
deformed grains. Hence a higher fraction of boundaries with θ < 15° is expected.
The same can be seen from Fig. 6a as the fraction of boundaries with θ < 15°
is ~0.71, highest among all the samples. For other three temperatures high frac-
tion (~0.96–0.98) of HAGBs is developed. This can be noted that the HAGBs also
includes the CSL boundaries in which�3, among others, contributes a large fraction
(~0.457–0.522). However, the fraction of �3 boundaries slightly decreases when
the deformation temperature increases (Fig. 6b). A similar kind of observation can
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Fig. 6 a Grain boundary character distribution and b fraction of �3, �9 and �27 boundaries for
samples compressed at 900 °C, 1000 °C, 1100 °C and 1200 °C

also be seen for �9 boundaries (38.94° around 〈110〉). On the other hand there is
an increase in fraction of �27 boundaries (�27a–31.58° around 〈110〉 and �27b–
35.42° around 〈210〉), except at 1200 °C. The �9 and �27 boundaries are formed
by multiple twinning where two twins interact with each other. Intersection of two
�3 boundaries results in the formation of �9 and interaction �3 and �9 leads to
the formation of�27 boundaries. However, interaction of two CSL, governed by the
following rule, may also results in the dissociation of CSL [30].

�A × �B → �(A × B) or �A × �B → �(A/B)

So, interaction of�3 and�9 may either form�27 or�3 CSL boundaries. A low
fractions of �9 and �27 boundaries observed in Fig. 5b indicate fewer interaction
of twin boundaries. These low energy configured �-CSL boundaries can alter the
grain boundary dependent properties of the material like corrosion [31].

3.4 Texture Evolutions

The texture of the as-received material and the texture developed by the compression
at different temperatures are shown by [100] IPF in Fig. 7(a–e). No trace of delta
ferrite (BCC) was observed in the as-received material, hence only FCC texture
corresponding to the austenite phase is shown in Fig. 7a. For compression at 900 °C,
BCC texture intensities can be observed near [001] and scatter towards [101]. With
an increase in deformation temperature [101] crystal axes align with the compression
axis however, a decrease in texture intensities (maximumMRD ~9.14 to ~7.29) with
the increase in temperature can be seen. In the FCC phase, deformation at 900 °C
produces grains with [111] and [001] parallel to CD. From the IPF map (Fig. 4a) it
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Fig. 7 [100] IPF for a basematerial and for samples deformedwith strain rate 100 s−1 at temperature
b 900 °C, c 1000 °C, d 1100 °C, and e 1200 °C

is clear that compression at 900 °C results in deformed grains. So, the [111] || CD
and [001] || CD represents the deformed texture. With an increase in the temperature
the [111] || CD texture component disappears, however at 1200 °C low intensity can
be observed. At these temperatures, recrystallized grains are developed. However,
these recrystallized grains do not exhibit any preferred growth directions as can
be seen from the IPFs (Fig. 7(c–e)). This random texture development is usually
attributed to the formation of annealing twins. The presence of annealing twins in
themicrostructure canbe seen from the corresponding IPFmaps shown inFig. 3(a–d).

4 Summary and Conclusions

Microstructure and texture of the 304LN stainless steel upset forged at 100 s−1 have
been studied through EBSD. The following conclusions can be made from the above
study.

i. Deformation at 900 °C produces deformed grains however deformation at
1000 °C to 1200 °C produces fully recrystallized microstructure with increase
in grain size with increase in deformation temperature.

ii. The �3 CSL boundary largely contributes to the high angle grain boundaries
formed by recrystallization.

iii. Deformation at 100 s−1 strain rate produces δ ferrite with orientation [101] ||
to the deformation direction. No specific orientation, for deformation at all the
temperature, has been observed for the FCC austenite phase.
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Sol-gel Preparation and Characterization
of ZnCaAl2O4 Composite Nanoparticles

Sekhar Didde, R. S. Dubey , and Sampad Kumar Panda

1 Introduction

Communication is classified in to two categories, one is wired communication, and
another one is wireless communication. Due to the improvement in the technology,
the wireless communication must be present with qualified functions and provide
small dimensionswith an antenna. In theGlobal positioning system, antennabecomes
a crucial matter as growing the operating frequencies. Nanoceramic compounds are
significant for the wireless communications with their low-dimension, low-process
cost, and minimum loss through the components. Further, these materials possess
high quality factor and controlled dielectric permittivity therefore, considered to
be promising as the choice as global positioning system patch antenna materials.
Microwave dielectric ceramics has performed significant roles in the global telecom-
munications sector over the past several decades, with a large variety of applications
from land to satellite. Dielectric ceramics are commonly employed in the devices
working in the frequency range from 300MHz and 300GHz. The nanoceramicmate-
rial is highly suited and efficient to produce smaller devices by enhancing the dielec-
tric constant in a reasonable range. In current scenario, the microwave operating
frequency regime is getting widening to have a broad spectrum of millimeter-wave
applications.
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In this context, there is a demand of suitable ceramic materials that can
improve the performance and size of global positioning system and therefore,
the ceramic materials should have high dielectric permittivity. The nanoce-
ramic materials not only reduce the size of the device but also cost with the
enhanced characteristics of the material [1, 2]. In current trends zinc aluminate
(ZnAl2O4) based microwave ceramics have excellent dielectric properties which
also have improved thermal stability along with a better mechanical resistance
and surface sharpness. Recently several dielectric-ceramic materials have been
investigated such as MgCoTiO3-NaNdTiO3, ZnTa2O6-TiO2, MgCoTiO3-NaNd, (1-
x)Ca(Mg1/3Nb2/3)O3-x(Ca0.8Sr0.2)TiO3, CaTiO3-Sm(Mg1/2Ti1/2)O, LaMg12Ti12O3-
CaSrTiO3, (1-x)(Mg0.95Co0.05)TiO3-x(Na0.5Nd0.5)TiO3, Nd(Mg12Ti12)O3-SrTiO3,
ZrO2-ZnO-Ta2O5-TiO2, MgZnTiO3-CaNdTiO3, ZnAl2O4-Co2TiO4, ZnAl2O4-
xMg2TiO4, 0.75ZnAl2O4-0.25TiO2-MgTiO3 and (Mg(1-x)Cox)2SnO4 [3–12]. For
the synthesis, various techniques like thermal decomposition, sol–gel, Hydrothermal,
Solvothermal, microwave-assisted, and so on are recognized. In spite of these
methods, the sol gel method well suited for the synthesis of compound nanoce-
ramics due to its easy handling, low-cost and non-hazardous process which produces
nanoparticles with the better stoichiometry and homogeneity.

In this work, we present the synthesis and characterization of calcium zinc alumi-
nate (ZnCaAl2O4) composite nanoparticles by sol–gel route and studied the dielectric
permittivity. Section2presents the experimental approachof composite nanoparticles
and results are discussed in Sect. 3. Finally, Sect. 4 summarizes the paper.

2 Experimental Details

Zinc acetate, aluminum nitrate nonahydrate and calcium nitrate tetrahydrate were
used as the source of Z, Al and Cawithout any further purification. At first, aluminum
nitrate nonahydrate wasmixed in 40ml absolute ethanol under a constant stirring and
then 0.33 ml ethylene glycol was added as the chelating agent in the above mixture.
Later, 5.868 gm zinc acetate and 2.83 gm calcium nitrate tetrahydrate were added
in this solution. This solution was stirred for 1 h while maintaining 75 °C and later
0.24 ml nitric acid dropped in order to get the homogeneous solution. After attaining
this, the solution thermally treated under constant stirring for 1 h. The obtained
the gel was dried at 180 °C in hot air oven for nearly 2 h to get the powder and
later calcined in muffle furnace at temperature 700 °C. Finally, the calcined sample
was ground to get the fine powder of ZnCaAl2O4. The as prepared sample was
examined by X-ray diffraction (XRD), Fourier-Transform Infrared Spectroscopy
(FTIR), Scanning Electron Microscopy (SEM), Energy Dispersive Spectroscopy
(EDS), finally dielectric property was studied.
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3 Results and Discussion

Figure 1 depicts the XRD pattern of ZnCaAl2O4 nanoceramic compound particles
calcined at temperature 700 °C for 1 h. The XRD pattern demonstrates the presence
of mixed crystalline phases of ZnAl2O4 and ZnCaAl2O4.

The ZnAl2O4 peaks originated at Bragg angle 2� = 31.3°, 36.3°, 44.6°, 47.6°,
55.6° and 59.7° were indexed to the planes (220), (311), (400), (331), (422), and
(511) respectively. The intense peaks located at 2�= 31.3° and 36.3° were assigned
to the face-centered cubic structure of ZnAl2O4 while the small peak originated at
2� = 26.6° was assigned to the attributed to the ZnCaAl2O4 of the plane (422).
The diffraction peaks were coincided with the JCPDS File Nos. 01-087-0265 and
00-050-0426 corresponding to the ZnCaAl2O4 and ZnAl2O4 respectively. One can
also notice a ZnO impurity peak of the plane (002) [1, 5, 12]. We can notice that an
addition of calcium did not disturb the crystallinity of the host material.

Figure 2 shows the Fourier-Transform Infrared Spectroscopy (FTIR) spectra of
calcined ZnCaAl2O4 recorded in thewave number range from 400 to 4000 cm−1. The
FTIR spectra depicts the various vibration peaks of ZnCaAl2O4 nanoceramic parti-
cles originated at wave number values 654, 1410, 1744, 2318, 3446 and 3743 cm−1.
A broad peak from 3446 to 3743 cm−1 is attributed to the O–H stretching mode
while another peak at 2318 cm−1 is found associated with the presence of water
molecules. The stretching vibration mode of Al-O can be assigned to a peal orig-
inated at 1410 cm−1. The other vibration peak at 654 cm−1 was ascribed to the
inorganic material. The FTIR vibration peaks was found consistent with the reported
literature [1, 5, 12].

We have investigated the morphology of nanoceramic nanoparticles using scan-
ning electron microscopy (SEM). Figure 3 depicts the SEM micrographs of
ZnCaAl2O4 nanoparticles. Figure 3a, b shows SEM images at the scale 2 micron

Fig. 1 XRD pattern of
ZnCaAl2O4 nanoparticles
prepared by sol–gel process
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Fig. 2 FTIR spectra of ZnCaAl2O4 thin films annealed at 700 °C for one hour

Fig. 3 Depicts the SEMmicrographs of ZnCaAl2O4 nanoceramic particles calcined at temperature
700 °C.
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however, second image is recorded at high magnification which evidenced the prepa-
ration of spherical nanoparticles of ZnCaAl2O4. Similarly, Fig. 3c, d shows the SEM
images recorded at resolution 1 micron and 500 nm respectively. The SEM inves-
tigation demonstrates the formation of agglomerated nanoparticles. The estimated
mean diameter of the nanoparticles was found to be 50 nm.

EDS investigation is useful approach to study the elemental compositions present
in the prepared sample. It works on a simple phenomenon of the interaction of X-
ray with the specimen. With this tool, the element mapping can be carried out in
the form of images which demonstrate the spatial distribution of various elements
existing in the sample. To know the compositional elements in ZnCaAl2O4 sample,
we have carried out the element mapping which is shown in Fig. 4. We can observe
the various images shown in Fig. 4a–d corresponding to the elemental mapping of
Zn, Ca, Al, and O. The overlay mapping image of all these elements is shown in
Fig. 4e which demonstrated the homogeneous distribution in the prepared sample.
The quantitative analysis of all elements is endorsed in Fig. 4f with the presence
of Zn, Ca, Al, and O having their weight percentage 53.42%, 9.92%, 20.31%, and
34.27%, respectively. Figure 4g depicts EDS spectra of ZnCaAl2O4 prepared by
sol–gel process, which shows the elemental peaks of Zn, Ca, Al and O at 1.00 eV,
3.80 eV, 1.50 eV and 0.50 eV respectively.

The variation of the dielectric permittivity of ZnCaAl2O4 nanoparticles as a func-
tion of with applied frequency from 100 KHz to 5 MHz is plotted in Fig. 5. The
dielectric permittivity was calculated by using the following formula.

εr = Cd

εo A

Here, εr is the dielectric permittivity of the sample under the test, C is the capaci-
tance, d is the thickness of the sample and A is the cross-sectional area of the sample.
It can be observed that the dielectric permittivity increases with the decrease in the
applied frequency. At initial frequency value, the dielectric permittivity was of 23.4
and then decreased to 21.33 at applied frequency 1 MHz. From 1 MHz frequency to
2 MHz, again the dielectric permittivity was decreased to 21. From 2 to 4 MHz the
dielectric permittivity was increased up to 23.7. Finally, dielectric permittivity was
decreased to 21 at 5 MHz. The increased dielectric permittivity at applied frequency
4 MHz can be assigned to the more relaxation time of the dipoles.

Presently, ZnCaAl2O4 composite nanoparticles are employed for their broad
applications in microwave resonators, circulators, oscillators, telecommunications,
GPS and direct broad cast satellites and so on [6, 8]. The addition of Ca in ZnAl2O4

is important to increase the dielectric permittivity which is beneficial to decrease the
size of the GPS patch antenna [1, 4, 5].
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Fig. 4 EDS element mapping and EDS spectrum of ZnCaAl2O4 nanoparticles
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Fig. 5 Dielectric permittivity of ZnCaAl2O4 nanoparticles

4 Conclusions

By employing the sol–gel route, we have synthesized and characterized the
ZnCaAl2O4 nanoceramic nanoparticles and studied by using XRD, FTIR, SEM and
EDS mapping. The investigation by XRD pattern endorsed the presence of mixed
phases of ZnCaAl2O4 and ZnAl2O4 which represents the polycrystalline nature of
the prepared nanoparticles. The FTIR measurement demonstrated the various vibra-
tional peaks correspond to the functional compositions exhibited in the sample. The
SEM study evidenced the preparation of spherical nanoparticles of ZnCaAl2O4 with
agglomeration. The EDSmapping exhibited the homogeneous distribution of Zn, Ca,
Al andO in the prepared nanoceramic particles of ZnCaAl2O4. Finally, we performed
the study of dielectric permittivity and observed decreasedwith the increased of oper-
ating frequency. This study has the scope to optimize the structural andmorphological
properties of nanoceramic nanoparticles by changing the concentration of calcium
in order to improve their dielectric properties suited for the application in fabricating
the GPS patch antenna.
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Effect of Surface Pockets
on the Performance of Journal Bearings

Shazee Rahmani and Faisal Rahmani

1 Introduction

In heavy rotatingmachines, journal bearings arewidely used owing to its capability to
bear heavy loads, lower power consumption, and better damping properties. Pressure
developed inside the thick lubricatingfilmsupports the rotor.However, the lubricating
oil offers resistance due to viscous shearing of the oil, which in turn increases the
temperature and this effect is further augmented under high speed and heavy loading
conditions. The increased temperature diminishes the viscosity of the oil and hence
the load carrying capacity is mitigated [1, 2]. For an efficient operation of the system,
it is imperative that friction and power consumption is reduced. Previous works
evinced that some modifications in the form of dimples, grooves and pockets has
improved the performance of journal bearings [3, 4]. This modification of the surface
of bearing alters the pressure distribution leading to increase in load carrying capacity
and reduction in power consumption.

Several studies have been reported for textured journal bearings [5–13]. Tala-
Ighil et al. [5] carried out one of the earliest studies on textured journal bearings
employing spherical dimples. It was shown that surface texturing can be beneficial
as well as detrimental on the performance owing to the distribution of textures.
Therefore, it is crucial to design the texturing properly. In a later study [6] by the
same researchers, 25 different texturing design were investigated for journal bearing
performance using cylindrical dimples. It was found that bearing performance can
be improved if partial texturing is provided near the declining portion of pressure
profile, whereas full texturing is detrimental. Tala-Ighil et al. [7] studied both the
thermal and texturing effect on the static characteristics of journal bearings. It was
reported that the optimum design of texturing depends on the geometrical parameters
and operating conditions. Ausas et al. [8] investigated the effect of texture depth on
the performance of journal bearings with fully textured rectangular dimples. A slight
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increase in minimum film thickness and frictional torque was found. Kango et al.
[9, 10] studied the influence of spherical dimples and transverse grooves on the
performance of journal bearings considering thermal effect and mass conserving
algorithm. They observed that partial texturing may increase load carrying capacity
and reduce the average temperature.

Olver et al. [14] demonstrated that a simple parallel pad bearing can support load if
a closed pocket is provided. Fouflias et al. [15] studied four types of sector-pad thrust
bearing: (a) open pocket, (b) closed pocket, (c) tapered land, and (d) partially textured
with rectangular dimples. A better performance of open pocket bearing compared
with other types was found. Brajdic-Mitidieri [16] carried out CFD analysis of a
pocketed pad bearing and reported that significant reduction in friction coefficient
can be obtained in the presence of closed pockets. Rahmani et al. [17, 18] carried out
studies on the static and dynamic characteristics of pocketed journal bearings using
powder lubricants. Different shapes of pockets: rectangular, trapezoidal, elliptical,
and parabolic were taken for study and it was found that a rectangular pocket is best
for improving the static as well as dynamic characteristics of journal bearings.

The performance of textured journal bearings wherein surface textures in the
form of dimples and grooves of various shapes have been investigated in the recent
past, and it has been found that surface texturing is a useful method to improve
the performance. However, there is a dearth of studies using pockets in the bearing
nevertheless pocketed bearings may improve the performance better than dimpled
or grooved bearings. The objective of present work is to investigate the influence of
pocket on the performance parameters mainly load carrying capacity and power loss.
In the present work, the bearing bore surface has been provided with a rectangular
pocket. A numerical study is carried out for both conventional and pocketed bearings.
It is found that if the location of pocket is suitably chosen (generally at the declining
portion of pressure profile), the performance of the journal bearing is improved. In
the present work, a rectangular pocket is given in the bearing after the position of
minimum film thickness. A decrease in eccentricity ratio in the range of 1–3% is
achieved in compared with conventional bearing. Power loss is significantly reduced
by 4–37% as compared with conventional bearing.

2 Mathematical Model

The schematic of a journal bearing, and unwrapped bearing surface is shown in Fig. 1.
The expression for nondimensional film thickness is given by Tala-Ighil et al. [6], as
shown in Eq. (1).

h̄ = 1 + ε cos θ + δ̄ (1)
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Fig. 1 Schematic of journal bearing

where c is the radial clearance, ε = e
c is eccentricity ratio, and δ̄ = δ

c is nondi-
mensional pocket depth applicable only in the region of pocket and zero elsewhere
[6].

The Reynold’s equation used for evaluating the steady state pressure distribution
is given by Khonsari and Booser [1], as shown in Eq. (2).

∂
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∂θ

]
+

(
R

L

)2
∂

∂ z̄
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= 6
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Non-dimensional bearing forces, F̄X in vertical (X), and F̄Y in horizontal (Y )
directions, non-dimensional load capacity (W̄ ), non-dimensional frictional force (F̄s)
at the journal surface and non-dimensional power loss (ĒP ) are given by Khonsari
and Booser [1],

F̄X = 1∫
0

2π∫
0
p̄ cos θdθdz̄ (3)
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ĒP = F̄sŪ (7)

where W̄ = W
μUL
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)2
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, and Ū = U

cω . Equation (2) is discretized
using finite difference method. The resulting algebraic equations are solved for
pressure using Gauss-Seidal iterative method.
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3 Computational Procedure

The Reynold’s equation (Eq. (2)) is discretized using finite difference technique. The
bearing surface is developed and divided into rectangular grids. Equation (2) is solved
for pressure using Gaus-Seidal iterative technique. A flowchart of the computational
procedure is given in Fig. 2. Convergence criteria is taken as,

∑m
i=1

∑n
j=1

∣∣∣( p̄i, j)k+1 − (
p̄i, j

)
k

∣∣∣∑m
i=1

∑n
j=1

∣∣( p̄i, j)∣∣ ≤ 10−5 (8)

where, i, j are the grid points in θ and z direction, m, n are the number of grid points,
and k is the iteration number.

3.1 Boundary Conditions

Equation (1) is solved for pressure using finite difference method pertaining to the
Reynolds boundary condition:

Fig. 2 Flow chart of computation procedure
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(i) P̄ = 0, at θ = 0, z̄ = 0, and z̄ = 1(which refers to extremities of the bearing)
(ii) p̄ = ∂ p̄

∂θ
= 0, when pressure becomes negative.

4 Results and Discussions

A finite bearing (L/D = 1) is taken for numerical study. The location of rectangular
pocket is from θ = 185° to 230° in the circumferential direction and z̄ = 0.12 to 0.88
in the axial direction. The location of pocket has been decided by finding performance
parameters for various configurations. The nondimensional pocket depth (δ̄) is taken
as 0.5. Figure 3 shows the three-dimensional pressure distribution on the unwrapped
bearing surface for conventional and pocketed bearings for an eccentricity ratio of
0.6. It can be seen that positive pressure is distributed over a larger area in case
of pocketed bearing. This phenomenon is more obvious when the pressure at the
mid-plane (z̄ = 0.5) is seen in Fig. 4. It shows the pressure profile at the mid-
plane of bearing for four different eccentricity ratios (ε = 0.2, 0.4, 0.6, and 0.8).

Fig. 3 Pressure profile for a Conventional, and b Pocketed bearing at ε = 0.6

Fig. 4 Pressure at the
bearing mid plane (z̄ = 0.5)
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For each eccentricity ratio, pressure profile is more expanded in case of pocketed
bearing. This is because pocket is given at the declining part of the pressure curve
and extends beyond the cavitation angle (θcav), resulting in a slightly larger area
for pressure distribution. Moreover, the maximum pressure is also increased with
pocketed bearing. This leads to a higher load capacity at the given eccentricity ratio.

Sommerfeld number, S =
(

ηNs LD
W

)(
R
c

)2
is a non-dimensional number which

depends upon the operating parameters. A higher value of ‘S’ indicates higher speed
of operation or a lower load. The variation of eccentricity ratio, power loss, and
improvement percentage with ‘S’ is shown in Fig. 5. A decrease in eccentricity
ratio for a particular ‘S’ indicates an increase in load carrying capacity. It is clear
from Fig. 5a eccentricity ratio is reduced by incorporating pocket for same operating
conditions for all values of ‘S’. Figure 5b represents the steady state journal center
position for different eccentricities. It is seen that pocketed bearing has lower attitude
angle than conventional bearing. In Fig. 5c, the maximum pressure is plotted against
Sommerfeld number. With increase in Sommerfeld number there is a decrease in
maximum pressure. If the load is fixed, an increase in S means an increase in speed
of the shaft. With an increase in speed, pressure will be distributed over a larger area
resulting in a decrease in maximum pressure. Another observation from Fig. 5c is
that pocketed bearing reduces the maximum pressure for fixed S. In other words,
for same maximum pressure the value of S with pocketed bearing is lower than
conventional bearing. This means that to support same load, pocketed bearing can
be run at lower speeds. In Fig. 5d it is clearly seen that power loss is significantly
reduced in case of pocketed bearing. Figure 5e, f shows the variation of location of
maximum pressure (θmax ) and cavitation angle (θcav) with Sommerfeld number S.
With pocketed bearing θmax is slightly higher compared with conventional bearing.
θcav is also significantly higher for pocketed bearing as compared with conventional
bearing implying that pressure is distributed over a larger area.

Figure 6 represents the improvement percentage in eccentricity ratio and power
loss with Sommerfeld number. It clearly shows that, introduction of pocket in the
bearing leads to a decrease in eccentricity ratio ranging from 1 to 3%, whereas power
loss is reduced by 4–37%. Better improvements are seen for lower values of S, which
is the case of heavy load or lower speed.

5 Conclusions

A numerical study for conventional and pocketed journal bearings is carried out
to investigate the effect on the load carrying capacity and power loss. Pocketed
bearing alters the pressure distribution which changes the performance parameters
significantly. Load capacity can be increased, and power loss can be decreased by
suitably choosing the location of the pocket, which is found to be at the declining
part of the pressure profile. Pocketed bearing significantly reduces power loss. It is
found that a decrease in eccentricity ratio ranges from 1 to 3%, whereas power loss is
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Fig. 5 a Eccentricity ratio versus S, b Journal trajectory, c p̄max , versus S and d Power loss ĒP
versus S, e θmax versus S, f θcav versus S

reduced by 4–37%. Thus, pocketed bearing can be used as a better performer when
load capacity and power loss is a concern.
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Fig. 6 Improvement
percentage in eccentricity
ratio and power loss with
Sommerfeld number
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Effect of Tin as Alloying Element
on Grey Iron Automobile Casting

Himanshu Shekhar Mishra, Rina Sahu, and D. S. Padan

1 Introduction

Grey iron is widely used for making components for automobile parts, valve fittings,
machine bed, turbine blades, electrical components etc. Iron has properties like,
thermal conductivity, lubrication, damping capacity and wear resistance. This is
due to graphite flakes present in the matrix. It has good mechanical properties like
tensile, hardness, toughness due to pearlite and ferrite present in the matrix [1].
Grey iron castings proportions in total casting production is 50% and among 50%,
automobile castings proportion is 32% [2, 3]. Grey iron is an iron-carbon alloy
consisting of mainly carbon (2.5–4.0%), silicon (1–3 %) and other elements like
Sulphur, phosphorous, manganese, chromium and minor elements like Pb(lead),
Zn(zinc), vanadium, titanium [3–5]. Sulphur and phosphorous must be at lower
level for making automobile component. Chromium is necessary for hardness and
corrosion resistance [5, 6].

Properties of grey cast irons are influenced by a number of factors including
graphite morphology, matrix structure, base iron compositions, section size, heat
treatment, thermal properties of mould, casting geometry and alloying additions
[7–9]. In most cases, minor alloying is done to increase strength and promote forma-
tion of pearlite. Minor elements normally used in grey iron are chromium, copper,
nickel, molybdenum, vanadium and tin [10–12]. Tin in the range of 0.025–0.1%
is a strong pearlite stabilizer. It does not appear to increase the strength of a fully
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pearlitic grey iron. It increases small strength due to pearlitic matrix otherwisematrix
would be ferrite. Additions above this level is avoided to prevent embrittlement [13,
14]. Cast irons with 0.1–0.15% Sn is the only practical way to avoid the ferritic
matrix in stable eutectoid transformation and develop fully pearlitic matrix in the
metastable eutectoid transformation system [15, 16]. Copper increases the tensile
strength by promoting a pearlitic matrix. Its effects is pronounced at lower addition
levels, 0.25–0.5%, whereas at higher addition rates, its effects are not dramatic due to
fully pearlitic matrix. In ferrite and ferrite- pearlite combination matrix expectation
is to increase tensile strength and hardness. Copper has mild graphitizing effect and
does not promote carbide in light sections. Copper addition improves graphitization
and structure refinement of the matrix. Cast iron have various engineering properties
competes with steel and other material for its superior wear, abrasion and corrosion
resistance when it is alloyed. Properties of grey cast iron components depends on
microstructure of the material and which is related by the chemistry and processing
technique of cast iron [2]. The mechanical and physical properties of grey iron is
controlled by varying the amounts of ferrite, graphite and pearlite in the structure [5].
Graphite shape and amount of ferrite/pearlite ratio depends either on casting compo-
sition or by cooling rate. Since grey irons normally silicon, which acts as a graphitizer
and also promotes ferrite. Control of the ferrite/pearlite ratio is normally fulfilled by
additions of elements that promote pearlite formation [8, 9]. These elements increase
pearlite formation by enhancing eutectic and eutectoid carbide formation (Cr, Mn)
or decreasing the rate of carbon diffusion (Cu, Sn) in austenite [17–19]. Manganese
(Mn) can be as low as 0.1% for ferritic irons and as high as 1.2% for pearlitic irons
because manganese is a strong pearlite promoter. The percentage of sulphur and
phosphorous must be less than 0.05 for making automobile castings. The optimum
ratio between manganese and Sulphur for an FeS—free structure is %Mn= 1.7(%S)
+ 0.3% [20, 21].Combined effect of copper and tin promotes pearlite in the matrix
and increases tensile strength and hardness [22, 23]. Inocualtion of grey iron is done
to take care of shape, size or distribution of graphite in the casting and thereby
increasing the mechanical properties. Amount of effective element remains in the
iron is usually very small [22]. Graphite type, size is described as per ASTM A247
[2].

Present study of tin along with fixed percentage of copper has been done. Tin %
in the base iron is varied keeping copper 0.5% in all of the samples made for studies.
This study has been done to make higher grade cast iron for automobile application.

2 Experimental Procedure

2.1 Metal and Samples Preparation

Liquid grey iron metal was prepared in medium frequency induction furnace of
capacity 5 MT. Furnace was charged with steel scrap by weight approx. 60–70% and
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Table 1 Charge materials composition, size, percentage and purity

Steel scrap
(medium
carbon steel)

Foundry
returns

Ferro-silicon Petroleum
coke
(carburizers)

Ferro-silicon
for inoculation
in sample dry
sand mould

Tin for
alloying in
ladle

0.1% C &
0.1% Si

3.25–3.40%
C,
1.80–2.20%
Si

70%
Silicon(Si) in
lump form

Carbon-80%
in granular
form

70% silicon
&-18 + 50
mesh size
(0.2–0.6 mm)

Commercial
tin % 99.5

30–40% foundry returns (running systems, scrap casting from foundry and machine
shops) of total charge shown in Table 1. Charge was melted by applying power up
to 3800 KW.

Composition of metal was made up by adding carburizers(petroleum coke) and
ferro silicon alloys. Metal temperature was raised upto 1500 °C. Slag was removed.
Wedge chill and carbon equivalentwere taken. Spectrometer samplewas taken before
pouringmetal. Temperature was raised up to 1510–1520 °C before tapping into ladle.
Ladle metal was transferred to holding furnace by forklift. Slag was removed before
transferring metal into holding furnace. Holding furnace is beneficial for getting
homogenised metal with base iron composition shown in Table 2. Liquid metal was
tapped into 3 MT (metric tonne) ladle.

First base iron sample was taken in copper mould for knowing base chemistry.C
alculated amount of tin in the range (0.030–0.050%) was added into ladle and copper
0.5%weightwas also taken.T est bar sample poured. Spectral sample in coppermould
was also taken before pouring each test bar mould. Similarly, third, fourth and fifth
samples were taken following tin ranges and copper fixed % in all the samples made
depicted in Table 3. Inoculation of 30 gm (0.2% Fe-Si) was given in each test mould
before pouring. Test bars were knocked down from mould at atmospheric temp. Test
bars were given for machining for making tensile test bars (3 nos.), impact test bar
(3nos.) for charpy test (notched) 3 nos as per ASTM standard.

2.2 Sample Preparation for Microstructural Properties

For microstructural studies, samples were cut from tensile specimen just behind the
fractured surface and it was made plain by grinding on belt type emery paper of 80
grit size. Samples were ground on different emery papers of mesh sizes 600 grade
to 1500 grade from rough to finish polishing. Samples were dry polished on cloth
polisher. Liquid alumina (Al2 o3) was added on cloth during polishing and samples
were washed with acetone. Polished sample was checked on optical microscope with
a magnification of 100×. First sample was seen without etching for graphite flakes
types, size and distribution in thematrix andmatrix was seen after etching the sample
with 2% nital for phases ferrite, pearlite and cementite. This process was repeated
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Table 3 Effect of Sn percentage variation in grey iron on tensile strength

Sample
no.

Composition UTS (MPa) Average
UTS (MPa)% Sn range Actual % Sn % Cu a b c

1 (Base
Iron)

0.00–0.000 0.010 0.11 250 257 249 253.00

2 0.030–0.050 0.036 0.5 305.28 270.48 244.27 273.34

3 0.050–0.070 0.066 0.5 301.55 320.50 281.29 301.11

4 0.070–0.090 0.079 0.5 344.41 406.38 377.55 376.11

5 0.090–0.110 0.104 0.5 217.61 274.09 237.32 243.00

for each sample with and without etching. Micrographs were taken for each sample
under study.

2.3 Mechanical Properties Testing Procedure

2.3.1 Tensile test was done on universal tensile testing machine as per sample size
in Fig. 1. Three samples were tested and average reading taken shown in Table 3.

2.3.2Hardness testwas done onBrinell hardness testermachine (Briviskop 3000D
Georg Reicherter Esslin gen/Neckar) with 5 mm diameter ball with load of 750 kg
and applied for 10 s for each test. Three readings were taken at each specimen given
in Table 4.

2.3.3 Charpy test was done on impact testing machine make FIE. Testing had
been done on notched bar specimen as per size given in Fig. 2. Three specimens
were tested and average readings taken has been shown in Table 5.

Fig. 1 Line diagram for tensile testing specimen for grey cast iron
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Table 4 Effect of Sn percentage variation in grey iron on hardness

Sample no. Composition Hardness (BHN) Average
hardness
(BHN)

% Sn range Actual % Sn % Cu a b c

1 (Base Iron) 0.00–0.000 0.010 0.11 170 175 174 173

2 0.030–0.050 0.036 0.5 207 206 210 207.66

3 0.050–0.070 0.066 0.5 225 217 219 220.33

4 0.070–0.090 0.079 0.5 224 222 220 222.00

5 0.090–0.110 0.104 0.5 211 217 215 214.33

Fig. 2 Line diagram for charpy test specimen (a), (b) & (c) dimension for grey cast iron

Table 5 Effect of Sn percentage variation in grey iron on impact strength

Sample no. Composition Impact strength (J) Average impact
strength (J)% Sn range Actual %Sn % Cu a b c

1 (Base Iron) 0.00–0.000 0.010 0.11 3.5 4.0 4.0 3.83

2 0.030–0.050 0.036 0.5 3.5 4.0 3.5 3.66

3 0.050–0.070 0.066 0.5 3.5 4.5 4.0 4.00

4 0.070–0.090 0.079 0.5 2.5 3.0 2.5 2.66

5 0.090–0.110 0.104 0.5 3.5 4.0 3.5 3.66
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3 Results and Discussions

3.1 Microstructural Properties

Figure 3a, b Shows without etch and with etch micrograph taken on optical
microscope for base iron.

Graphite flake is in finer size and longer in shape at lower level of tin 0.1%.
As the tin percentage increases, size and shape reduces. Finer flake reduces in
length and becomes thicker in shape. Distribution of graphite flake in the lower
percentage of tin is randomly and uniformly distributed in the matrix as precipitate.
Matrix contains ferrite and pearlite. Distance between ferrite and cementite is more
in lamellar pearlite. A type graphite flake with some D type are also present there.

Figure 4a (0.036% Sn) Without etch shows, graphite flake fineness reduces, edge
of flake becomes round and it is thicker in size due to diffusion and graphitization
process occurring as the cooling rate decreases.

Figure 4b (0.036% Sn) With etch shows matrix contain pearlite and ferrite,
lamellar(ferrite and cementite) spacing is more.

Figure 5a (0.066% Sn) Without etch, shows more thicker graphite and it is
uniformly distributed and randomly oriented.

Figure 5b (0.066% Sn) With etch, matrix contain pearlite and ferrite and lamellar
spacing is lesser when Sn % increases.

Figure 6a Shows (0.079% Sn) Without etch shows more thicker graphite flake,
uniformly distributed and randomly oriented.

Figure 6b Shows (0.079% Sn) with etch, matrix with pearlite and ferrite, lamellar
spacing reduces as % Sn increases.

Figure 7a Shows (0.104% Sn), Without etch, shows graphite flake in smaller in
size, thicker and uniformly distributed and randomly oriented.

Fig. 3 a Without etch (0.010% Sn) 100× magnification, b With etch (0.010% Sn) 100×
magnification
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Fig. 4 a Without etch (0.036% Sn) 100× magnification, b With etch (0.036% Sn) 100×
magnification

Fig. 5 a Without etch (0.036% Sn) 100× magnification, b With etch (0.036% Sn) 100×
magnification

Fig. 6 a Without etch (0.079% Sn) 100× magnification, b With etch (0.079% Sn) 100×
magnification
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Fig. 7 Without etch (0.104%Sn) 100×magnification,bwith etch (0.104%Sn) 100×magnification

Figure 7b Shows (0.104% Sn)With etch shows pearlite and ferrite in matrix, finer
lamellar spacing and more ferrite percentage which reduces tensile and hardness.

Graphite flake size formation depends on cooling rate in casting, as the flake
size develops, diffusion process occurs and graphitization increases. Flake (l/d ratio)
(length of flake/thickness of the flake) decreases as the tin percentage increases [17].
Pearlite percentage is increased as tin % increased and also lamellar spacing in
pearlite decreases, since tin is a pearlite stabilizer [12, 17, 19].

3.2 Mechanical Properties

3.2.1 Tensile strength data has been given in Table 3 and trend graph for tensile given
in Fig. 8. It shows that when tin % is increased, tensile strength is also increased.
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Fig. 8 Trend chart for tensile strength
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Strength is increasing and increases upto 0.079% Sn. This is due to pearlite present
in the matrix and reduces further, due to the presence of more pearlite and pearlite
characteristics changes due to embrittlement phenomena occurring in the case of
0.104% Sn. Literature says that tensile strength increases upto 0.2% Sn but after
0.080%, embrittlement in the casting occurs [11] and this casting is practically of
no use for automobile parts. As the percentage of pearlite increases, the reduction
in percentage of ferrite decreases with the percentage of tin added into grey iron.
Pearlite becomes finer when we add more percentage of tin. Fine and long graphite
flakes reduces in length and increases in width by increasing the tin percentage in
the solution. Graphite flake reduces in size and end portion becomes round with the
increase of copper percentage. Graphite flake is precipitate in solution [3, 13].

3.2.2 Hardness data showed in Table 4 and trend graph in Fig. 9. Hardness is in
increasing trend as the percentage tin increases in grey iron upto 0.079% Sn and
reduces further a little bit at 0.0104% Sn due to ferrite presence in matrix and also
characteristic of pearlite changes with embrittlement phenomena after 0.080% Sn.
It is directly related with the tensile strength. Hardness is increased due to complete
dissolution of tin in the alloy giving α-solid solution. Tin refines pearlite (inter
lamellar spacing decreasing) and hardens ferrite phase in solid solution [17].

3.2.3 Impact strength data shown in Table 5, as tensile and hardness is increasing
as the tin percentage increasing, impact strength is decreasing and when both tensile
and hardness is decreasing from 0.079% Sn to 0.104% Sn shown in Fig. 10. That
iron will absorb less energy. As the hardness and tensile will increase, impact energy
will be less [11, 24].
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4 Conclusions

Based on the above discussions, following points have been concluded.

1. Metallographic studies show that as the percentage of tin increases graphite
flakes in microstructure reduces from fineness to coarser side. Matrix is also
changed in percentage of ferrite and pearlite. As the percentage of tin increases,
pearlite increases and ferrite reduces.After 0.080%Sn, characteristics of pearlite
changes due to embrittlement phenomena occurring in the casting.

2. Tensile strength increases with the increase in the percentage of tin in grey
iron upto 0.079 and decreases after. This is due to more pearlite in the matrix
and changes in the characteristics of pearlite due to embrittlement phenomena
occurring after 0.080%.

3. Hardness also increases with tensile strength with the increase of tin percentage
in grey iron and reduces following the tensile strength trend.

4. Impact strength decreases as hardness and tensile strength increases as the tin
% in alloy increases and follow the same trend as the tensile and hardness
decreases, impact strength increases.
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Influence of Roll Wear in Hot Rolling
of Steel at Hot Strip Mills

Purnanand Pathak, Ghanshyam Das, and Sanjay Kumar Jha

1 Introduction

In a Hot Strip Mill (HSM), steel slabs are plastically deformed between pairs of
rotating rolls to achieve hot rolled (HR) coils of desired size, shape and mechanical
properties. HR coils are widely used in construction, fabrication, pipe, container and
other industries. A large proportion of HR coils are further rolled to thinner gauge
coils in cold rollingmills. These cold rolled (CR) strips are used in white goods, auto-
mobiles, barrel, roofing, packaging and many other applications. Stringent market
demands on cost and quality of the rolled products put proportional thrust on HSM to
improve its performance. It is therefore required to explore measures for improving
techno-economic parameters of the mill.

Roll is considered as backbone of the rolling mills as all the deformations of
the material take place between pairs of rolls. Energy required for deformation is
transferred to the material through these rolls [1]. However, it is one of the costliest
consumables of the rolling mills and, besides huge production loss on account of
frequent roll-changes, around 5–15% of the cost of production of the rolled material
is directly related to the rolls [2]. Quality of the rolled products is also very much
dependent on performance of rolls. It is therefore pertinent to discuss and to explore
possibilities of saving rolls and improving their performance.

In any HSM deformation of material is divided primarily into two groups of mill-
stands known as roughing mills and finishing mills (Fig. 1). Roughing mills have
horizontal as well as vertical (edger) stands for subjecting steel slab to thickness
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Fig. 1 Schematic layout of a typical HSM (RHF: Reheating furnace; PSB: Primary scale breaker;
FSB: Finishing scale breaker; ROT: Run-out table)

and width reductions, respectively. Finishing mills have series of horizontal stands
with sophisticated control mechanisms to achieve desired thickness reduction and
dimensional quality of the HR strips. All the horizontal stands are mostly of 4-Hi
configuration with two work rolls and two backup rolls. Each vertical stand uses a
pair of edger rolls for controlling width of the HR strips.

Friction is the need of rolling and therefore tribology plays a great role in control-
ling mill operation. In HSM, rolls are subjected to arduous conditions due to various
heat transfers, fire cracks, high compressive and shear stresses, abrasive iron oxides,
etc. Under such conditions wear of the work rolls become inevitable. With higher
wear, the contour of roll gap becomes uneven making it unfavourable for obtaining
desired shape and surface quality of the HR coils. Rolls are therefore changed
frequently at shorter campaign sizes however at the cost of loss in production. After
every cycle of operation, rolls are ground to regain their original profile. Roll life is
thus reduced on three accounts—roll wear in each campaign, material loss during
grinding and occasional marks, spalling or sudden failure of roll.

This paper brings together various aspects related to wear performance of rolls.
Few cases are discussed to show influence of wear during rolling at industrial HSM.

2 Roll Wear in HSM

2.1 Rolls Used in HSM

HSM uses various types of rolls as the operating conditions in terms of strain,
strain rate, temperature, roll force, torque, type of scale, etc. varies significantly
from roughing to finishing mills. Most commonly used rolls of HSM are listed in
Table 1 [3]. Besides requirement of strength to withstand high mechanical loads,
higher wear resistance has been the driver for successive developments in roll mate-
rials and their manufacturing technology. In-depth research on wear performance of
different roll materials has been carried out by various researchers [4–9]. Roughing
mills are required to impart heavy reductions to the slabs and therefore rolls in these
stands need to possess high strength. Forged alloy steel rolls with suitable heat treat-
ment are preferred in these stands to meet the service requirements. In contrary, the
finishing stands of HSM imparts desired surface finish and dimensional accuracy to
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Table 1 Various types of rolls used in HSM [3]

Material Forged or
cast

Roll C (%) Si (%) A*
(%)

B**
(%)

Carbide
(%)

Hardness
(HV)

Hypo-eutectic
steel

Forged/cast BUR,
Edger

0.4–1.0 0.3–1.0 1–6 <0.5 0–2 180–700

ICDP Cast WR:
FM

2.0–4.0 0.4–1.0 6–9 0–4 30–40 600–700

High chrome
iron

Cast WR 2.0–4.0 0.4–1.0 14–22 <0.5 20–30 500–700

High chrome
steel

Cast/forged WR:
RM,
FM

1.0–2.2 0.4–0.8 8–12 <0.5 10–20 500–700

Adamite
(hyper eutectic
steel)

Cast Edger
roll

1.0–2.2 0.4–0.8 <4 <0.5 6–15 300–450

High speed
steel (HSS)

Cast/forged WR:
FM

1.0–2.2 0.4–0.8 <6 8–15 3–5 600–750

Semi-HSS Cast WR:
FM,
RM

0.4–1.0 0.3–1.0 5–8 5–10 2–5 500–700

*A = ∑
(Cr, Mn, Mo, Ni, Co); **B = ∑

(V, W, Ti, Nb)
BUR: Backup roll; WR: Work roll; RM: Roughing mill; FM: Finishing mill

the HR strips, and, therefore, the rolls in these stands need to possess superior resis-
tances towards wear, thermal cracking and breakages. Accordingly, high chromium
(Hi-Cr) iron and other cast iron grade rolls are used in these stands.

On account of higher temperature and tertiary scales, the initial few finishing
stands of HSM are observed to have more roll wear compared to the later stands.
Some of the mills therefore use Hi-Cr rolls in the initial stands and Indefinite Chilled
Double Pour (ICDP) cast iron rolls in the later stands. Some of the mills have also
tried using high speed steel (HSS) rolls at initial stands. Wear resistance of HSS rolls
have been found 3 to 4 times superior than that ofHi-Cr rolls [10]. Application ofHSS
or semi-HSS work rolls in roughing mills is also found beneficial over chromium
steel rolls [11]. However, there are some limitations in using HSS rolls. Such rolls
increase friction at roll bite and they are more susceptible to failure in case proper
roll cooling and maintenance practices are not in place.

2.2 Wear of Work Rolls in HSM

As friction is the need of rolling, there are significant interactions among asperities of
rolls and the workpiece. In such interactions asperities either get deformed or get torn
out depending on several factors related to materials and operating conditions. This
way interacting surfaces have progressive loss of materials, which is called wear.
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The wear of steel strip does not carry much significance as there is constant gener-
ation of new surfaces during rolling. However, wear of roll surfaces has significant
consequences on process as well as on quality of the rolled products. It has adverse
effects on life of rolls and on techno-economics of rolling. Classically, wear happens
in different modes such as abrasive wear, adhesive wear, fatigue wear, corrosive
wear, erosive wear, etc. In rolling also wear of rolls takes place through most of these
modes. However, abrasion, adhesion and fatigue are the main modes of roll wear.
Mechanisms of these modes of wear are well explained in published literatures [12].

Whenwear takes place due to sliding of hard surface projections relative to another
contacting surface under load, it is called abrasive wear. In this case ploughing action
or micro-cutting by hard particles produces loose wear particles. When the hard
particles are part of one of the surfaces, it is called two-body wear and when these
are loosely held between the two surfaces, it is called three-bodywear. Abrasive wear
may be accelerated in presence of subsurface cracks, generated by the hard particles
under load. When a softer material is rolled, the abrasive action of the debris is the
prime cause for roll wear. Here scale or oxides and the inter-metallic of precipitation
hardened alloys constitute the main abrasive particles.

Adhesive wear occurs when surfaces slide against each other and the pressure
between the mating asperities is high enough to cause local plastic deformation
and adhesion. It is reported that the atomic bond between the mating asperities is
higher than the strength of the parent materials [12]. This results in metal transfer
or pickup from one surface to the other. When the material is picked up by rolls,
the size of the adherent particles grows with subsequent adhesions and there may
also be strain hardening of these particles under rolling load. These particles finally
get separated from the rolls, through the process of fatigue or by shearing action,
generating loose particles. It is also suggested that at elevated temperature some
of the alloying elements of the roll get diffused into the workpiece, which reduces
strength of the roll leading to its wear [12]. Adhesive roll wear is expected when
harder materials are rolled. In this case, often rolls are visible with banded or peeled
off surface.

Fatigue wear is the most severe type of wear of HSM rolls. During rolling work
rolls are heated at roll bite and are water-cooled immediately after the roll bite.
Alternate heating and cooling of the roll surface leads to generation of compressive
and tensile stresses in the rolls at a frequency set by rolling speed. Above this, the roll
material is also subjected to cyclic mechanical loading which adds to the complexity
of stresses in the roll. After processing several coils, when the fatigue limit of the
material is reached, there is nucleation of fine cracks on the surface of rolls, network
of which is termed as fire-cracks [2]. With progress of rolling or with any external
factor the crack can be so deep to destroy the hard surface layer of roll (spalling).

In light of the above discussions it is evident that performance of the roll depends
on many factors including roll material and quality, roll utilization and maintenance
practices and above all on the operating conditions in the mill. The inferior perfor-
mance of rolls does not only lead to increased roll consumption but also leads to
increased mill delays as a result of any in-service roll failure. It is therefore pertinent
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to discuss critical operating conditions affecting roll performance. These conditions
include temperature, roll force, scale, etc.

2.3 Selected Parameters Affecting Roll Wear

Heat transfer with work rolls. Work rolls are exposed to high material temperature
typically in the range of 1150–1050 °Cat roughingmills and 1000–850 °Cat finishing
mills during rolling of carbon steels. Simultaneously, rolls are cooled with water
spray to avoid their overheating. There is also conductive heat transfer within the
roll in radially inward direction. While cyclic conductive heating and convective
cooling of the work rolls causes thermal fatigue of the roll material, a thermal stress
field is also created in its subsurface layers. Heat transfer coefficient at roll bite also
has significant effect on thermal fatigue degradation [13]. At higher temperature,
despite taking all cooling cares, there is generation of fine fire-cracks on the roll
surface, whose intensity is more in the roughing mills than in the finishing mills.
Both thermal fatigue and fire-cracks accelerate wear rate of work rolls.

Mechanical loading of work rolls. During deformation of material there are high
roll separating forces of the order of fewmegaNewton at different stands. Under such
condition roll surface is subjected to severe cyclic mechanical load. The workpiece
at roll bite is having normal compressive force, tangential frictional force and may
also have tensile forces due to inter-stand tensions. As the velocity of material under
deformation keeps on increasing at the roll bite, the direction of frictional forces gets
reversed at neutral point. Difference in linear velocities of material and roll generates
forward and backward slips. Material also tries to spread in width direction which is
obstructed by frictional forces between workpiece and roll.

Under such conditions, there is a complex stress field generated at the roll bite.
Consequently, the work roll is also subjected to a similar stress filed, which is mainly
comprised of compressive and shear stresses that too in cyclic manner [1, 12]. It may
also be noted that in hot rolling the friction may not be in slipping mode. Rather
sticking friction is more prevalent at higher temperature, which may lead to shearing
of material at subsurface level. Rolls are also subjected to bending forces due to
its mechanical and thermal crown and external roll bending applied for controlling
profile of the rolled materials. Additionally, there is significant influence of inter-roll
pressure between work roll and backup roll and profiles of the two rolls also play an
important role [14, 15]. Under the influence of cyclic mechanical load, high friction,
high slip ratio and shear stress at roll bite, the work rolls wear out at faster rates.

Surface oxides on steel strip. Besides thermal and mechanical loads, the third most
critical parameter affecting life of the rolls is presence of iron oxides or scale over
the steel surface. Although the primary scale formed during heating of slabs inside
the reheating furnace is removed through high pressure hydraulic descaling, there is
generation of secondary scale during rolling at high temperature in roughing mills.
Further, the secondary scale is removed hydraulically before the finishing mills.
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However, there is formation of tertiary scale during rolling in finishing mills. Thus
work rolls of roughing and finishing mills are constantly interacting with secondary
and tertiary scales, respectively. Friction andwear at roll bite have strong dependence
on oxides [16–18].

The effects of scale on rolls and in rolling process depend on its constitution.
Invariably, the scale has different thicknesses of all the three iron oxides, that is,
hematite (Fe2O3), magnetite (Fe3O4) and wustite (FeO). With highest oxygen %,
hematite forms the outermost layers and with the lowest oxygen %, wustite forms
the innermost layers. Magnetite layers remain in between. Hardness and proportion
of these oxides are quite different and they strongly depend on temperature of steel.
Among them, hematite is the hardest oxide and wustite is the softest one. Some
of the researchers found hardness of FeO, Fe3O4 and Fe2O3 as 460, 540 and 1050
HV, respectively, at room temperature [19], and 105, 366 and 516 HV, respectively,
at 900 °C [20]. It is also reported that above 900 °C, proportions of hematite and
magnetite in scale increase with increasing temperature whereas at the same time
proportion of the wustite decreases [21].

From the above facts it is clear that at higher temperatures while oxides lose their
hardness, there is increase in proportion of the harder constituent of the oxides. Wear
rate of rolls in abrasion mode should normally be higher with harder oxides. At the
same time the softer oxide is sticky and may contribute in enhancing adhesive wear.
Thus the mechanism of effect of scale on wear rate of rolls is a bit complex and
besides temperature it should also depend on chemistry of the steel being rolled.

3 Experimental

Large numbers of studies on wear have been carried out by limited physical simu-
lations in laboratory or through numerical or mathematical modelling of the actual
process [18, 22–29]. Very less industrial research is found in this area. In the present
work, investigations were carried out directly at industrial HSMs to study influence
of roll wear on the following parameters without the use of any roll bite lubrication:

(a) Campaign size of rolling,
(b) Roll consumption, and
(c) Surface quality of HR coils.

While studies related to campaign size and roll consumption were carried out at
an HSM with 6 finishing stands (HSM-1), the study on surface quality was carried
out at another HSM with 7 finishing stands (HSM-2). Salient details of these HSMs
are given in Table 2.
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Table 2 Salient details of HSMs where experiments were carried out

Parameters HSM-1 HSM-2

Slab thickness (mm) 200–220 200–250

HR coil size (mm) 1.8–12.0 × 700–1580 1.6–16.5 × 750–1850

Material All carbon and alloy steels All carbon and alloy steels

Reheating furnace Walking beam Walking beam

Roughing mills

• Roughing stands 2-reversing, 1-continous 1-reversing, 3-continous

• Edger stands With each roughing stand With each roughing stand

• Delay table Coil box Heat shield

Finishing mills

• Finishing stand 6 No., 4-Hi, 1700 mm 7 No., 4-Hi, 2000 mm

• Work roll diameter, mm 760–710 (F1), 664–612 (F2-F6) 810–750 (F1–F7)

• Backup roll size, mm 1310–1180 × 1700 1610–1460 × 2000

• Work roll material Hi-Cr (F1), ICDP (F2–F6) Hi-Cr (F1–F3), ICDP (F4–F7)

• Backup roll material Alloy forged steel (3% Cr) Alloy forged steel (3% Cr)

• Max. speed, m/s 12.75 20.0

Run-out-table cooling Laminar Laminar

Down coiler 2 4

3.1 Study on Campaign Size of Rolling

Effect of wear on campaign size of work rolls was studied at the finishing mills of
HSM-1. Here the campaign size was measured in terms of tonnage of steel rolled
with one set of rolls at the mills. As per the practice, the campaign size of rolling
was formed in coffin shape, i.e., width of the coils in a campaign was increased from
narrow to wider and then again it was reduced to narrow size. It is well known that
wear of work rolls has direct effect on strip crown of the rolled HR coils. Thus an
optimum campaign size would be one within which the HR coils have acceptable
level of strip crown.

Accordingly, crown of the rolled HR coils was evaluated at different production or
tonnage processed in a campaign. For this, thickness of strip along width of the HR
strip was measured using ultrasonic thickness gauge and strip crown was calculated
as

Strip crown = tc − te
tc

where, tc is the strip thickness at centre line and te is the average strip thicknesses
25 mm away from the two edges. The strip crown study was carried out for two strip
sizes, one in narrower coils having width of 940 mm and thickness of 2.2 mm and
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another in wider coils having width of 1280 mm and thickness of 2.8 mm. Finally,
variation of strip crown with increasing rolled tonnage was plotted to visualise the
effect of wear on strip crown and in turn on the campaign size of rolling.

3.2 Study on Roll Consumption

In another study, effect of wear on specific roll consumption was studied at Finishing
Mills of the HSM-1. The F1 stand was using work rolls of Hi-Cr cast iron of higher
diameter (760–710 mm) whereas the F2–F6 stands were using work roll of ICDP
cast iron (diameter 664–612 mm). Midpoint diameter of the ground work roll was
measured before and after the use at each stand to calculate amount of roll material
loss due to wear during operation. It was termed as “mill wear”. Roll dressing of the
used work rolls was carried out at grinding machine to remove unevenness caused
by wear and to provide proper profile to the ground rolls. Sum of the mill wear
and the grinding off-take was the total material loss or roll consumption primarily
on account of wear. The total wear loss was studied for over 1250 rolls at different
finishing stands in a study period of 3 months. Tonnage rolled in each campaign
was also noted for each set of rolls and ratio of total wear loss and campaign size
was calculated to arrive at specific roll consumption. Comparisons of wear loss and
specific roll consumption were made stand wise as well as for Hi-Cr and ICDP rolls.

3.3 Study on Surface Quality of HR Coils

Separate studies were carried out at HSM-2 where occurrence of surface defects like
ridge and rolled-in-scale were observed in the rolled strips. It is often considered that
one of the reasons of such defect is uneven wear of the work rolls in the finishing
mills. Accordingly, an attempt was made to identify if there was any correlation
between campaign size of rolling and the level of defects. As campaign size was
linked to the wear of rolls, the study indirectly tried to find out if there was any direct
relation between wear and these defects in HR coils.

During the study, HR coils diverted on account of the said surface defects were
inspected and historical operating data of those coils were collected from level-2
computer of theHSM.Datawere analysed and a plot of defect level against campaign
size of rolls was drawn to see if there was any direct correlation between them.
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4 Results and Discussion

4.1 Effect of Roll Wear on Campaign Size of Rolling

The campaign size of rolling in the mill is commonly decided based on acceptable
tolerances for dimensional and surface quality parameters. One of such parameters
is strip crown. Figure 2 shows variation of strip crown with increasing tonnage of
rolled HR coils in a campaign for two sizes of strips. It was clearly evident that strip
crown increased with the increasing tonnage of rolled strip, which was attributed to
loss of roll profile on account of wear. In this case it was desired to have strip crown
within 50–60 µm. Higher crown was undesirable for cold rolling of the HR coils
and further application of the rolled products. It was observed that for limiting the
strip crown to maximum 50–60 µm, the campaign size of rolling had to be fixed to
around 2000–2500 ton for this mill. In other words, the campaign size was limited
to a maximum value due to roll wear.

From Fig. 2 it was also observed that the rate of increase in strip crown of wider
coils (2.8 mm × 1280 mm) suddenly increased after rolling around 2000 tons in
the mill. The critical tonnage for narrower coil (2.2 mm × 940 mm) was slightly
higher (3000 ton). It indicated that there was a steep rise in wear rate after reaching a
critical campaign size of rolling. This value of the campaign size was considered as
its optimum value. There was possibility of increasing the optimum campaign size
by decreasing wear rate of rolls.

Restricting the campaign size at lower level due to high wear rate of rolls had
significant economic implication for the mill. Lower the campaign size meant more
number of roll changes for the given production level. Each roll change was causing a
delay of around half an hour and thus significant amount of production loss. Besides,
after each roll change, rolls were dressed for next campaign at the cost of increase
in roll consumption. Thus any measure for reduction in wear rate of rolls and in turn
for increase in campaign size of rolling was most welcome.

Fig. 2 Effect of roll wear on
strip crown at finishing mills
of HSM-1
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4.2 Effect of Roll Wear on Roll Consumption

Roll wear parameters namely mill wear (loss of material during rolling), grinding
off-take (loss of material to remove effect of wear) and specific roll consumption
were studied for over 1250 work rolls used in several normal campaigns at all the
six finishing stands (F1–F6) of HSM-1. Average values of these parameters per roll
per campaign at different stands are plotted in Fig. 3. Breakup of the mill wear and
the grinding off-take for top and bottom work rolls at different stands are shown in
Figs. 4 and 5, respectively. These data are only for normal roll changes made during
threemonths of study period. Data related to abnormal roll changes, say for roll mark,
dent mark, fire cracks, roll neck failure, etc., were filtered out during the analysis.
The total loss of roll material was calculated as sum of the values of mill wear and
grinding off-take of the same roll. The specific roll consumption was calculated by
dividing total wear loss with average campaign size of rolling for each roll.
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Fig. 3 Variation of roll wear parameters at finishing stands F1–F6 of HSM-1

Fig. 4 Average mill wear of
top (T) and bottom (B) work
rolls per campaign at
finishing stands F1–F6 of
HSM-1
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Fig. 5 Average grinding
off-take of top (T) and
bottom (B) work rolls per
campaign at finishing stands
F1–F6 of HSM-1
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It may also be reemphasised that while the first finishing stand (F1) was using
Hi-Cr cast iron rolls of larger diameter, the other finishing stands (F2–F6) were
using ICDP rolls comparatively of lower diameters. It may also be noted that as
per requirements of shape and profile control of HR coils, the top work rolls were
provided a positive crown of 0.15–0.35 mm (convex profile) at different stands, the
bottom rolls at all the stands were of cylindrical shape (without any crown). Hardness
of the rolls varied in the range of 70–82 Shore. Analysis of wear parameters led to
the following observations:

(a) Average campaign size of rolling at different finishing stands varied in the
range of 2300–2500 ton. In order to save delay for roll change, generally work
rolls of all the stands were changed at the same time. However, sometimes due
to rolling of special steels with stringent quality requirements, work rolls of
last two stands were changed at lower campaign sizes.

(b) Mill wear of Hi-Cr work rolls at F1 stand was significantly lower than that of
the ICDP rolls at F2–F6 stands. While the average mill wear of Hi-Cr rolls
was of the order of 0.027 mm at F1 stand, it was 0.313 mm, over 10 times
higher, for the ICDP rolls at the next stand (F2). Average mill wear for all the
ICDP rolls at F2–F6 stands was 0.227 mm per roll per campaign. These values
would be higher if all the rolls with mill defects like fire cracks, roll marks,
dent marks, etc. were included in the analysis.

(c) As the amount of wear with the Hi-Cr rolls was lesser, there was also require-
ment of lesser roll dressing to remove the adverse effect of wear over the roll
barrel. That is why average grinding off-take with Hi-Cr rolls (0.287 mm) was
around 30% lower than that with the ICDP rolls (0.407 mm).

(d) Combining themillwear and the grinding off-take, the total rollmaterial loss on
account of wear for the Hi-Cr rolls was 50–60% lower than that of ICDP rolls.
Similarly, as the campaign size of rolling for both types of rolls was kept of the
same order, the average specific roll consumption of Hi-Cr rolls (0.13 µm/ton)
was also lower by 50–60% from that of the ICDP rolls (0.24–0.32 µm/ton).
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Fig. 6 Typical roll force for
some of the coils rolled at
Finishing Stands of HSM-1
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(e) Figure 6 shows typical distribution of roll force for someofHRcoils in different
grades and sizes. It exhibited that there was decreasing order of roll force from
the first stand to the last stand. The F1 stand had roll force almost double to
that at the F2 stand. Obviously, the strip temperature was also in decreasing
order from F1 to F6. From this it was clearly evident that the improved anti-
wear performance of the Hi-Cr rolls at F1 stand was despite the fact that this
stand had maximum roll force and temperature conditions. It thus justified
the concept of using Hi-Cr rolls or superior wear resistant rolls at the initial
finishing stands.

(f) From Fig. 3 it was also revealed that for the same type of rolls (ICDP rolls
of similar diameters), all the three roll wear parameters (mill wear, grinding
off-take and specific roll consumption) were in decreasing order from F2 to
F6 stands. It matched with the trend of roll force (Fig. 6) and temperature at
these stands. That is, roll wear was higher at stands with higher roll force and
strip temperature. It could be possible for multiple reasons; firstly, at higher
load and temperature the effect of fatigue and adhesive wear would be more;
secondly, at higher temperature friction would tend into sticky friction mode;
thirdly, and most importantly, at higher temperature above 900 °C, growth of
the harder oxides (Fe2O3 and Fe3O4) would shoot up [20, 21] leading to more
abrasive wear.

(g) From the Figs. 4 and 5, it was observed that there was a general pattern that
wear of bottom work roll was slightly higher than that of the top roll of the
same stand. It could be due to slightly higher temperature of the bottom rolls.
In fact, top surface of a strip is exposed to atmosphere and cooling water
more than that of its bottom surface. It was therefore possible to have slightly
higher temperature of strip at its bottom surface. Accordingly, bottom work
rolls would have higher temperature leading to higher wear rate.
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4.3 Effect of Roll Wear on Surface Quality of HR Coils

Two surface defects namely ridge and rolled-in-scale were observed in HR coils at
HSM-2. Ridge is a buckle defect which is visible in thinner CR coils, however, it is
considered to have source in HR coils. The defect becomes prominent after rolling
of HR coils at tandem mill and finishing at the skin pass mill. The ridge consists
of sinusoidal waveforms located in one or two bands and runs mostly in full length
of the coil [30]. It is a protuberance above the ideal thickness profile as shown in
Fig. 7. CR coils with ridge may impact manufacturing operation at the customer’s
end adversely and is therefore downgraded or discarded depending upon severity of
the defect.

Some of the literatures suggest that ridge is generated due tometallurgical reasons
such as variations inmicrostructure, grain size or crystallographic texture alongwidth
ofHR strips, whichmay cause differential deformation in cold rolling and subsequent
operations [31]. However, in a recent research it could not be confirm experimentally
[32]. The other school of thought, a more logical one, is that the ridge is generated
due to uneven wear of work rolls in the HSM [30, 32]. It is understood that the work
rolls with uneven wear make the roll gap contour irregular leading to heterogeneous
deformation along the width direction of strip. The heterogeneity in deformation is
not noticeable at HR stage because the difference in thickness is negligible compared
to the average thickness of the HR strip. It becomes noticeable during cold rolling
as the strip becomes thinner and possibly gets further aggravated during tempering
due to higher coiling tension.

In order to test this concept, hot rolling parameters of 100 number of CR coils
having ridge defects were analysed. Results of the analysis could not fully substan-
tiate the theory of uneven wear of work rolls being the sole reason of the ridge
formation. Generally, once the unevenness is introduced in the roll profile, it may

Fig. 7 Photograph of outer
layer of a CR coil having
ridge defect
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last for several coils being rolled with it. Under such condition, ridge would appear
in series of the coils rolled in a sequence. However, this evidence was not observed in
the analysed coils. There was large gap between two consecutive coils having ridge
defects.

Secondly, it is also a proven fact that unevenness of the wear profile of work rolls
is more towards end of the campaign, that is, wear rate increases with increasing
number of coils being rolled with the same rolls. The ridge defect should therefore
be generated mostly in the coils hot rolled at higher campaign size. This trend was
also not visible in the above analysed coils. Rather most of the defective coils were
rolled either at the beginning or in themiddle of the campaign (Fig. 8). At theHSM-2,
the campaign size was measured in length of coils rolled and the standard campaign
size was of the order of 100 km. Over 70% of the coils with ridge defect were rolled
within 60 km of the campaign size. It was thus revealed that although uneven roll
wear was the logical reason of the ridge defect, it might not be the only reason.

Similarly, level of rolled in scale (RIS) defect in the HR coils could not be corre-
lated with the campaign size of rolling. As shown in Fig. 9, it was found that with

Fig. 8 Level of ridge defect
at different campaign size of
rolling at HSM-2
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the same level of campaign size in some of the months, there was wide variation in
the diversion of coils on account of rolled-in-scale defect in those months. Thus in
addition to the wear of rolls, there must be some other reasons for generation of this
defect.

5 Conclusions

Work rolls of hot steel strip mills suffer high amount of wear through abrasive,
adhesive and fatigue modes. Abrasive oxide, high temperature adhesion and cyclic
thermal and mechanical loads promote high wear rate of rolls. Studies carried out at
finishing stands of the two HSMs reveal that with increasing amount of steel rolled
with a set of rolls in a campaign, the strip crown increases due to progressive wear
rate. In order to produce HR strips of given crown, campaign size is limited by
roll wear. Rolling at lower campaign sizes is uneconomical due to higher frequency
of roll change, production loss during roll change delay and higher specific roll
consumption.

The studies also confirm the fact that the Hi-Cr rolls havemuch superior anti-wear
performance compared to the ICDP rolls. Initial finishing stands are found prone to
higher roll-wear and therefore Hi-Cr or superior rolls may be used at these stands.
Wear rate, grinding off-take and specific roll consumption for the same type of work
rolls have decreasing trends from the first to the last finishing stand due to decreasing
trends of roll force and strip temperature at these stands. Bottomwork roll is generally
found to have slightly higher wear rate compared to the top roll in the same stand.

High or uneven wear of the work rolls is considered to be one of the reasons of the
ridge and the rolled-in-scale defects associated with HR coils. However, the studies
do not confirm genesis of the defects directly related with campaign size of rolling
or with wear of the rolls.
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Tribological Performance of Heat
Treated 0.6% C Steel

Renu Kumari, Ajit Behera, Priyanka Bharti, and Deepak Kumar Sethi

1 Introduction

The wide application of medium carbon steel in automotive, aerospace, agriculture
and structural application due to its good mechanical properties. Most of the steel in
the structural application observed wear, such as, steel shaft observed sliding wear in
journal bearing application. In the past several researchwere done on the effect of heat
treatment on themicrostructure andmechanical properties [1–4]. Effect of quenching
and tempering of austenitic steelwith 5%manganese onmicrostructure, hardness and
wear properties were analyzed byGarcia et al. [2]. And found that increased hardness
after wear test in as received, air quenched and oil quenched sample. This trend was
not obtained in water quenched and tempered sample. Fadare et al. [3] investigated
the effect of heat treatment onmicrostructure andmechanical properties of NST 37–2
steel. Result obtained that annealed sample consisted mainly ferrite phase along with
lowest strength and hardness, while hardened sample consisted marten site phase,
which showedhighest tensile strength andhardness. The effect annealing andnormal-
izing during hot rolling process on microstructure and hardness of steel was studied
by Dahiwade et al. [4]. They found that annealing gave coarse perlite with low hard-
ness and normalized gave fine pearlite with high hardness. The effect of annealing
on the microstructural characterization and mechanical properties was studied by
Onwuamaeze et al. [5]. And showed that significant modification in microstructure
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Table 1 Composition of steel specimen

Elements C Si Mn P S Cr Mo Ni Al Cu Fe

Content (%) 0.60 0.25 0.74 0.01 0.01 0.10 0.02 0.13 0.01 0.18 Balance

and mechanical properties. Ismail et al. [6] studied that the effect of heat treatment
on the hardness and impact properties of medium carbon steel. Result showed that
highest hardness in quenched steel, on the other hand, tempered sample showed good
mechanical properties due to increased ductility and toughness. Mudashiru and Adio
[7] investigated the effect of heat treatment on hardness andmicrostructure of welded
low carbon steel. Microstructure showed that predominately pearlite phase and less
ferrite phase after heat treatment. There was a significant improvement in ductility,
toughness and grain refinement, on the other hand, decreased in hardness and brit-
tleness. Saha et al. [8] investigated the effect of cyclic heat treatment of 0.6 wt%
carbon steel and found an excellent combination of strength and ductility.

From the aforementioned literature, it was found that in the past many work was
done on effect of various heat treatment onmicrostructure andmechanical properties.
However, a very few work was done on 0.6% C steel. So the present work focus on
effect of heat treatment (mainly annealing and normalizing) onmicrostructure, phase,
hardness and tribology behavior have been analyzed.

2 Methodology

In this study, 0.6% carbon steel rod was used and the composition is mentioned in
Table 1. The samples were cut by using abrasive cutter by 10 mm × 10 mm × 6 mm
dimension. Heating of the samples were done at 910 °C for 2 h than furnace cooling
(annealing) and air cooling (Normalizing) were done. Followed by heat treatment,
microstructure analysis was done by using optical microscopy. X-ray diffraction
techniques (D8 Advance, Bruker, using Cu K ∝ radiation) was used to analyze the
phase of as received and heat treated 0.6% C. The wear test was done by using a
pin-on-disk wear tester at an applied load 10 kg for 600 s time at ambient condition
as per ASTM G99.

3 Results and Discussions

Microstructure analysis were done for as received and heat treated sample. Figure 1
shows the optical micrographs of as received 0.6%C steel at different magnification
(a) 100X (b) 200X (c) 400X (d) 1000X. From Fig. 1, it is observed that presence of
ferrite and pearlite. High magnification view shows that presence of fine lamella of
pearlite in Fig. 1(c, d).
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Fig. 1 Optical micrographs of as received 0.6% C steel at different magnification a 100X, b 200X,
c 400X, d 1000X

Figure 2 shows the optical micrographs of annealed 0.6% C steel at (a) 100X, (b)
200X, (c) 400X, (d) 1000X magnification. From Fig. 2, it is observed that presence
of ferrite and pearlite grains.

Figure 3 shows opticalmicrographs of normalized 0.6%C steel at differentmagni-
fication (a) 100X, (b) 200X, (c) 400X, and (d) 1000X. From Fig. 3 it is observed
that there is ferrite and pearlite grains. Phase analysis has been done by using X-
ray diffraction technique and results are summarized in Table 2. From Table 2 it is
observed that presence of ferrite and carbide phase in as received 0.6% C steel. Pres-
ence of ferrite and carbide phase have been also observed in annealed and normalized
0.6% C steel.

Figure 4 shows the variation of micro-hardness of as received and heat treated
0.6% C steel. From Fig. 4 it is observed that the hardness value decreases from 548
HV for as received 0.6% C steel to 256 HV for annealed sample and 412 HV for
normalized samples (Fig. 4). This is may be due to formation of coarser lamella in
pearlite after heat treatment as compared to presence of fine lamellae pearlite in as
received 0.6% C steel. A close comparison of hardness of annealed and normalized
samples shows that the hardness of annealed steel is less than normalized samples.
Which may be due to annealing heat treatment gives coarse pearlite. Biswas et al.
[9] reported the hardness of 508 BHN for quenched, 155 BHN for annealed and 259
BHN for normalized EN9 Steel.
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Fig. 2 Optical micrographs of annealed 0.6% C steel at different magnification a 100X, b 200X,
c 400X, and d 1000X

Figure 5 shows that the variation of wear depth with time for as received (plot
1), annealed (plot 2) and normalized (plot 3) 0.6% C Steel. From Fig. 5 it is clearly
observed that the wear depth of as received 0.6% C steel is 20 µm. On the other
hand, the wear depth of normalized sample is 390 and 410 µm for annealed sample.
The low wear depth of as received sample is due to high hardness as compared to
heat treated sample [10, 11].

Figure 6 shows the variation of coefficient of friction (COF) with time for as
received (plot 1), annealed (plot 2) and normalized (plot 3) 0.6% C steel. From Fig. 6
it is observed that the coefficient of friction of as receive sample varies from 0.052
to 0.062 for 600 s interaction time. On the other hand, coefficient of friction varies
from 0.052 to 0.062 for 600 s interaction time for normalized sample and varies from
0.062 to 0.073 for 600 s interaction time for annealed sample. Coefficient of friction is
more in case of normalized sample as compared to as recieved and annealed sample,
which may be due to fine grain size and formation of smooth surface [11, 12].
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Fig. 3 Optical micrographs of normalized 0.6% C steel at different magnification a 100X, b 200X,
c 400X, d 1000X

Table 2 Summarized phases, hardness and wear depth of as received and heat treated 0.6% C steel

Sample Phase Hardness Wear depth

As received 0.6% C steel Ferrite, carbide 548 (HV) 20 (µm)

Normalized 0.6% C steel Ferrite, carbide 412 (HV) 390 (µm)

Annealed 0.6% C steel Ferrite, carbide 256 (HV) 410 (µm)

Fig. 4 Bar-chart showing
the variation of
micro-hardness of as
received and heat treated
0.6% C steel
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Fig. 5 Variation of wear
depth with time for as
received (plot 1), annealed
(plot 2) and normalized (plot
3) 0.6% C Steel

Fig. 6 Variation of
coefficient of friction with
time for as received (plot 1),
annealed (plot 2) and
normalized (plot 3) 0.6% C
steel

4 Conclusions

In this study, tribological performance of heat treated 0.6% C steel have been anal-
ysed. A detailed study of microstructure, hardness and wear have been done. And
following conclusion have been drawn: (1) Presence of predominantly pearlite grains
and less ferrite grains in as received and heat treated sample. (2) Phase analysis shows
the ferrite and carbide phase in as received and heat treated sample. (3) Micro-
hardness value decreases from 548 HV for as received 0.6% C steel to 256 HV for
annealed 0.6%C steel sample and 412 HV for normalized 0.6%C steel. (4) The wear
resistance of as received sample is good as compared to annealed and normalized
sample. The wear depth is 20 µm for as received, on the other hand, 390 µm for
normalized sample and 410 µm for annealed sample. (5) The coefficient of friction
of as received sample varies from 0.052 to 0.062, on the other hand, coefficient of



Tribological Performance of Heat Treated 0.6% C Steel 177

friction varies from 0.052 to 0.062 for normalized sample and 0.062 to 0.073 for
annealed sample.
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Improvement in Adhesion of Electroless
Coating on Plastic Substrates: A Review

Budhram Boipai and Tushar Banerjee

1 Introduction

Plastics are synthetic or semi-synthetic organic compounds that are malleable and
suitable shapes may be imparted to them. Recently, demand for plastics is on the
rise due to low cost as well as their ability to be molded into complex shape and size
with good accuracy and surface finish. Plastics may be a good alternative option for
certain parts/applications in automobile like door knobs [1], electromagnetic inter-
ference shielding textiles [2] and flexible circuits [3] in electronic industries, urinary
catheters [4] in medical field. The plastics have low density, and have good strength-
to-weight ratio. But, due to non-metallic property, they cannot be used as electri-
cally conductive, abrasive resistant, and thermally conductive material. In order to
impart such properties, metallic coatings may be deposited on the surface of plastic
components and it may result in replacement of metallic parts in certain indus-
trial applications. The coating of metals on plastic substrate is called metallization.
Metallization of plastic substrate is necessary for various application areas such as
decoration, printed circuits, automotive, aerospace, and microelectronics industries
[5, 6].

Currently, many techniques are used for depositing coating on plastic surface
such as vacuum deposition [7], flame and arc spraying [8], sputter coating [9], elec-
troless coating [10] etc. Electroless coating is a suitable selection for the develop-
ment of the technology and its distinct characteristics include uniformly thickness
of deposit, bath temperature below the melting point of plastic, low investment, and
manufacturing cost [11]. The electroless coated films or layers serve important func-
tions such as providing electrically conducting surface layer on the plastic substrate
[12], improving wear resistance of the product and providing a secure bonding layer
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between the plastic surface and metal [13]. There are several advantages of electro-
less coating process such as control of plating thickness, substrate volume, chemical
replacement, process monitoring [5]. However, the main hurdle is ensuring proper
adhesion between the metallic layer to the plastic surface [14–18].

This article reviews different methods being investigated by researchers, for
improving adhesion of electroless deposited layer with plastic substrate.

2 Basic Conditions for Electroless Coating on Plastic
Substrate

Electroless coating on plastic surface involves a series of steps such as cleaning,
etching, neutralization, activation, acceleration and finally deposition of the func-
tional layer [19]. The steps are briefly discussed below.

(i) Cleaning: This is the process to remove dust, oil, and grease from the plastic
surface. Micro-roughness is also developed by the cleaning process which
increases the coating surface area. Generally, brushing or scouring with sand
paper is used to accomplish cleaning [20]. The alkaline solution is also used
[21]. Recently, ultrasonic agitation in anhydrous ethanol and distilled water has
also been found to be effective to clean plastic substrates [22].

Some factors to be considered about the cleaning process includes the following.

(a) Choice of cleaner,
(b) Cleaning medium temperature,
(c) Concentration and composition of cleaning medium,
(d) Cleaning duration,
(e) Level of agitation in the cleaner,
(f) Cleanliness of the cleaner.

(ii) Etching: Etching is the most significant step in the substrate pretreatment
process which is mainly responsible for achieving high bonding strength
between plastic and metal. The substrate surface is etched chemically and
pores are developed to increase the plating surface regions in order to enhance
coating-substrate bonding. In this phase, the polymer or plastic material is
immersed in the oxidant solution. The oxidant solution is generally H2CrO4

mixed with aqueous H2SO4 or HF with H2SO4 on the basis of the surface to
be coated [13]. Generally, the solution of H2O (41%), H2SO4, and CrO3 used
for the etching process. The etching process is conducted for 5–15 min and
temperature of bath is maintained between 60 and 65 °C.

(iii) Neutralization: In this stage, the remaining extra residual acid present in the
hole and gap of the plastic substrate after etching is removed. Such residual
acid adversely affects the coating process and may corrode if not removed
from the plastic surface. For this purpose, acidic as well as the basic solutions
are used [13].
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(iv) Activation: In this stage, activating of the etched plastic surface is carried
out on by immersing in an activator solution. The activator is a solution of
palladium/tin (Pd/Sn). The activation process introduces the metal particles
to the substrate surface to act as seeds for metal deposition. This process is
generally carried out at 45 °C for 5 min [21].

(v) Acceleration: In this stage, activated plastic substrate is immersed in the accel-
eration solutionwhich increases the absorptive capacity. Acceleration solution
may be an acid [23] or basic solution and it absorbs the excess activator and
frees the plastic substrate from it. Generally, the activated surface is washed
with distilled water and subjected to an acceleration bath for 5 min [23].

(vi) Electroless deposition: This is the last stage of the electroless coating process.
In this stage, the activated plastic substrate is immersed into solution usually
containing metal salts and reducing agent (sodium hypophosphite) [11]. The
medium may be either acidic or basic. The redox reaction starts taking place
and coating is deposited on activated substrate surface. Bath temperatures
normally maintained at 50–60 °C [21].

The steps involved and their corresponding medium and operating conditions
regarding deposition of electroless copper on acrylonitrile butadiene styrene substrate
is presented in Table 1.

Table 1 Bath compositions and deposition conditions for electroless plating on the ABS
(acrylonitrile butadiene styrene) substrate [21]

Step Composition Conditions

Degreasing Sodium hydroxide 16 g/L, Sodium carbonate
18 g/L, Trisodium phosphate 14 g/L, Emulsifier
5–8 ml

70 °C, 15 min

Etching Nitric acid 187.5 ml/L
Sulfuric acid 187.5 ml/L
Nickel (II) sulfate 50 g/L

50 °C, 20 min
60 °C, 20 min
70 °C, 20 min

Swelling Sodium hydroxide 90 g/L, 1-methyl-2-pyrrolidone
50 ml/L and 2-Butoxy ethanol 20 ml/L

70 °C, 20 min

Activation Colloidal palladium solution 45 °C, 5 min

Dispergation HCl 100–120 ml/L 35 °C, 2 min

Electroless copper plating Copper (II) sulfate pentahydrate 10 g/L,
Formaldehyde 3 ml/L, Ethylenediaminetetraacetic
acid 30 g/L, 2, 2’-pyridine 15 mg/L, PEG (Mw =
1000) 0.5 g/L, pH 11–13

50–60 °C
For 2–10 min
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3 Methods for Enhancing Adhesion of Electroless Coating
on Plastic Substrate

Themain problem associatedwith electroless coating on plastic/polymer is generally
low chemical affinity for metals, which results in weak bonding strength between
metal and polymer. Several authors have investigated the issue of enhancing adhesion
between electroless coating and plastic substrate. Hoffman [24] reviewed the surface
activation method such as (a) physical method (b) chemical method (c) mechanical
methods (d) biological methods, on polymer. These methods help to modify the
surface of the polymer. Wang et al. [25] developed the Sn-free process and improved
the adhesion between copper and PRMC (phenolic resin matrix composite). They
employed the wet chemical etching process for modification of surface of phenolic
resin matrix composite. Chen et al. [26] introduced layer-by-layer (LbL) electroless
coating process to enhance adhesion of metallic coatings on plastic. This method
depends on procedures for modifying the polymer substrate. They used P-TES and
N-TES solutions to improve the adhesion strength. Lu [12] studied the ultrasonic-
assisted electroless deposition of copper thin film on to PET (polyethylene tereph-
thalate) with the modification of silane and reported improvement in adhesion of
copper plating. Hou et al. [27] sequentially immersed the UV/ozonolysis irradiated
PET samples on to the cupric citrate solution and NaBH4 solution and observed
high adhesive strength under the optimized condition. They found that peel adhe-
sion strength was up to 39 N/cm. Sahoo et al. [28] introduced the environmen-
tally friendly electroless copper coating on acrylonitrile–butadiene–styrene (ABS).
They eliminated the etching and palladium activation process. For copper deposi-
tion, five different acidic baths were used. Schaubroeck et al. [29] studied the influ-
ence of surface modification, epoxy roughness and electroless copper deposition
temperature on the polyamine surface. They introduced wet—chemical modifica-
tion on the surface of polyamine. They studied the adhesion strength of electroless
copper coating on polyamine substrate. Rytlewski et al. [30] introduced copper (II) L-
tyrosine as precursor for selective activation of polymer and subsequent deposition of
electroless copper coating. ArF excimer laser of wavelength 193 nmwas used to irra-
diate the precursor to modify its structure and thereby to improve the adhesion of the
coating. Analysis by EDX showed that more copper was deposited on the substrate
with increasing irradiation of laser. Vasconcelos et al. [31] achieved strong adhe-
sion between silver film and thermoplastic by first immersing it into the solution of
polyvinylpyrrolidone in dimethyl sulfoxide, and then create a polyvinylpyrrolidone
rich network on to the thermoplastic polyurethane surface by the help of surface-
physical-interpenetrating-network method. Charbonnier and Romand [32] focused
on surface modification on the surface of polypropylene (PP) and poly (bisphenol A
carbonate) (PC) using Nd: YAG laser and incoherent excimer lamp operating in an
oxygenated environment. They analysed the chemical interaction of catalysts with
the grafted surface by X-ray photoelectron spectroscopy. A review of the literature
on improvement of adhesion of electroless coating on plastic substrate indicates four
main processes as discussed below in detail.
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Table 2 Composition and
conditions of copper
polyalloy bath [27]

Composition Condition

Cobalt sulphate heptahydrate 0.08–0.12 M

pH 9.0–11.0

Plating temperature 30–40 °C

Coating time 25–45 min

Copper (II) sulphate pentahydrate 0.1 M

Sodium hydroxide 0.56 M

Potassium sodium tartrate 0.8 M

(i) UV-ozonolysis irradiation for improving adhesion of copper polyalloy
coating

Ultraviolet lights are extremely helpful in cleaning surfaces of plastic substrate
and free it from any carbonaceous residue, which results in excellent adhesion
between plastic andmetallic layer. Therefore, electroless platingwith combination of
UV/ozonolysis irradiation is an excellent method to achieve good adhesion between
metal and plastic surface. Hou et al. [27] used this method to improve adhesion
between polyethylene terephthalate (PET) and electroless copper layer. The selec-
tion of PET was owing to excellent mechanical strength and good thermal stability
[33]. In this process, the PET sheet was washed ultrasonically and then exposed to
ultraviolet light (using mercury lamp) in ozone atmospheric condition for 1 h. The
irradiation power was generally 5 mWcm2. After that ultraviolet/ozonolysis-treated
plastic substrate was immersed for 10 min in the aqueous cupric citrate solution for
activation and then soaked on NaBH4 aqueous solution for 10 min at room temper-
ature again for activation. After that sample was rinsed with distilled water and put
in an oven for 30 min at 60 °C for the purpose of drying. The activated Cu-seeded
polyethylene terephthalate sheet was put in the copper polyalloy coating bath. The
composition and conditions of copper polyalloy bath is presented in Table 2.

Finally, the copper polyalloy coated PET is dried with warm air stream. The
adhesion strength is found up to 39 N/cm, which is in acceptable limit. The basic
procedure of electroless copper coating on PET is shown in Fig. 1.

Fig. 1 The process of electroless copper polyalloy coating with UV/ozonolysis irradiation [27]
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Fig. 2 Step of the Laser-induced selective activation (LISA) method [34]

(ii) Laser-induced selective activation (LISA) method

Laser can be the most efficient tool for coating on the plastic. It is generally used
to clean, roughen, and activate to the plastic surface. In this section laser-induced
selective activation metallization on the plastic is reviewed.

Laser-induced selective activation method is the technique that can be used for
depositing positional selective coating on the surface of plastic or polymer substrate.
In this method, there are three primary steps such as (a) Laser treatment: The laser
ray modifies the plastic or polymer surface in a medium of deionized water. In
this step, a thin molten surface layer is produced on the plastic substrate by laser
pulse energy. After that plastic substrate is instantly cooled down with water so
that polymer solidifies quickly and sponge-like structure is created. The sponge-like
structure ensures good mechanical engagement between metal and polymer, thereby
improving adhesion. After multiple passes of laser, the surface becomes rough and
porous. (b) Activation: The laser modified plastic surface is activated by immersing
it into a palladium solution. The palladium atoms attach to the rough surface of the
plastic. (c) Metal plating: Metallic coating is deposited on the surface of activated
plastic by electroless route. Zhang et al. [34] used this method to coat copper on the
polycarbonate substrate. In the first step, they irradiated the plastic surface, immersed
in deionized water, with Nd: YAG laser. Beam velocity and average power was
60 mm/s and 3.4 W respectively. In the second step, mixture of SnCl2 and PdCl2
solution was used for the activation process. In the final step, the autocatalytic copper
coating was done on the activated plastic surface. They found the average adhesion
strength of the copper layer to be 2.79 MPa. Figure 2 illustrates the steps involved
in the laser-induced selective activation method.

(iii) Novel coating with assisted super-critical CO2

To achieve high adhering performance, anchoring effects are needed between
adequate interfacial areas. This method introduced an interlocking phenomenon
betweenmetal to the polymer substrate. In thismethod, there are two steps as follows.

(a) Catalyst impregnation (pre-treatment of substrate): In this step, first the cata-
lyst precursor Pd (II) hexafluoroacetylacetonate (Pd(hfa)2) is dissolved in the
super-critical carbon dioxide (scCO2), which is followed by exposure of plastic
substrates to scCO2 in order to infuse the precursor. The catalyst impregnation
is done in a high pressure vessel at temperature of about 80 °C. The substrate
and Pd(hfa)2 are placed in the pressure vessel. The substrate is kept on a small
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Fig. 3 Procedure of electroless coating on polymer substrate with assisted super-critical CO2 [35]

metallic table and the Pd(hfa)2 powder is put below so that it infuses into
the polymer by diffusion only. Now, carbon dioxide at high pressure (up to
10 MPa) is loaded into the chamber to dissolve Pd(hfa)2 and to do substrate
impregnation. This process is carried up to 30 min. The impregnated Pd(hfa)2
is subjected to temperature of 120 °C in presence of CO2 for 30 min in order
to decompose thermally. Impregnation of catalyst precursor into the polymer
substrate is done to create anchoring effect. Now plastic sample is dried on
vacuum chamber up to 24 h for remove the CO2.

(b) Electroless coating: In this step, the impregnated polymer substrate is put into
the electroless coating bath. Ethanol and CO2 are then added to the bath to
plasticize the substrate and promote mass transfer of the coating solution into
the substrate. Now metal is grown on the polymer substrate through auto-
catalytic reaction. A composite layer of metal/polymer is developed on the
surface, owing to penetration of bath solution in the plasticized polymer. This
composite layer acts as metal anchors and enhances coating-substrate adhesion
[35]. Adachi et al. [35] drastically improved adhesion up to 19.5 N/cm by this
process. Tengsuwan and Ohshima [36] achieved the average adhesion strength
of 8.8 ± 1.8 N/cm on polypropylene blend substrate by electroless plating.
Figure 3 illustrates the steps involved in the process.

(iv) Molecular bonding followed by electroless spray-coating

This is the newest method of electroless coating to enhance adhesion. Yang et al. [37]
used this method to improve the adhesion between metallic coating to the polymer
substrate. This method consists of three steps.

(a) Degreasing
(b) UV-grafting and self-assemble of P-TES and N-TES respectively
(c) Sensitizing, followed by electroless plating

In this method, the substrate is annealed at 60 °C for 2 h for relieving stress. To
degrease the substrate, it is immersed into the solution of NaOH and Na2CO3 at
30 °C for 1 h. Now again the substrate material is cleaned in ultrasonic cleaner for
5 min with ethanol. The substrate is then dried for few minutes and then immersed
into an alcoholic solution with P-TES for 20 s. Now the substrate is exposed to UV
radiation with a wavelength of 365 nm for 5 min and then washed several times with
distilled water. The UV-grafted substrate is immersed into the solution of N-TES for
30 min and then cleaned and dried.

The modified substrate is immersed into the solution of SnCl2 and hydrochloric
acid for 5 min to sensitize and then it is washed with distilled water. The substrate is
then dried for a few seconds. Then solution A (AgNO3, NH3·H2O, and 1 L distilled
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Fig. 4 Step diagram of molecular bonding followed by electroless spray-coating [37]

water) and B ((CHO)2, N(CH2CH2OH)3, and 1 L distilled water) is sprayed on the
substrate in the glove box. Finally, the substrate is rinsed with distilled water and
dried [37]. The adhesion strength is found to be in acceptable limit. Chen et al. [26]
modified the acrylonitrile butadiene styrene (ABS) by P-TES and N-TES molecules
and enhanced the adhesion strength up to 25N/cm. Kang et al. [38] modified the flex-
ible PET sheet by P-TES and N-TES molecules, and increase the adhesion strength
up to 12 N/cm. Figure 4 shows the steps involved in the process.

The summary of four different methods for enhancing adhesion is presented in
Table 3.

4 Conclusions

Plastics may be good option as compared to metals for certain applications. Specific
application are decorative items like knobs for automobile sector, electromag-
netic interference (EMI) shielding textiles and flexible circuits in electronic indus-
tries, urinary catheters in medical field etc. However, certain applications need
metallic characteristics, which necessitates deposition of metallic coating on plastic
substrates. Electroless coating is a suitable method for plating on the plastic surface.
But the problem associated with electroless coating on plastic is poor adhesion. This
article reviewed different methods of increasing adhesion strength between the elec-
troless coating and plastic substrate. In this article four methods are discussed (i)
UV/ozonolysis irradiation for improving adhesion of copper polyalloy coating, (ii)
Laser-induced selective activation (LISA) method, (iii) Novel plating with assisted
super-critical CO2 (iv) Molecular bonding and electroless spray. Every method is
characterised by unique pretreatment processes, which are mainly responsible for
enhancing the adhesion.

The ultraviolet lights are extremely useful in cleaning the surfaces of plastic
substrate and free it from any carbonaceous residue, which in turn results in excellent
adhesion between plastic and metal. The adhesion strength could be achieved to the
order of 39 N/cm, which is an acceptable limit.

The laser can be the most efficient tool for selective activation of the plastic
substrate surface. It is generally used to clean, roughen, and activate to the plastic
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surface. The adhesion strength has been reported of the order of 2.79 MPa on an
average. The solution of catalyst precursor and super-critical CO2 creates pores on
polymer substrate which is mainly responsible for achieving anchoring effect on
polymer and metal surface. The adhesion strength can be achieved up to 19.5 N/cm.
The UV-grafting and self-assembly of P-TES andN-TES respectively, generate good
bonding strength between plastic and metal surface. The adhesion strength can be of
the order of 25 N/cm.
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Computational Analysis of the Effect
of Boron and Nitrogen Dopants
on the Mechanical Properties
of Graphene with Single Vacancy Defects

Dhrumil M. Purohit and Ashish B. Deoghare

1 Introduction

In the last decade, a single-atom layer sheet of carbon, monolayer Graphene (Gr),
acquired significant recognition owing to its planar (2-D) crystal structure and
extraordinary thermal, electrical and mechanical properties [1–5]. The Gr sheet has
a wide range of applications in nano-composites [6], transistors [7], nanosensors [8]
and nanoelectronics [9] due to its unique features.

However, according to the second law of thermodynamics, certain disorders and
defects exist in crystalline materials [10]. Different types of defects in Gr also arise
during the fabrication process, which is unavoidable. These defects can alter the
topology, curvature and the structure of Gr [11]. These inevitable defects modify the
mechanical properties besides the electrical and thermal conductivities [12] of Gr
and Gr-based nano-composites [13]. Defects in Gr can be classified into two groups
prominently as intrinsic and extrinsic defects. Intrinsic defects include non-sp2 orbital
hybrid carbon atoms in Gr. The extrinsic defects are induced by the presence of non-
hexagonal rings surrounded by hexagonal rings or the crystalline order is disturbed
with non-carbon atoms inGr [14]. Common types of defects include grain boundaries
[15], Stone–Wales (SW) [16], single vacancy (SV) [17, 18], double vacancy (DV)
[17, 18], carbon adatoms [19], etc. The SW defects are caused by the rotation of a
single pair of carbon atoms by 90°, arising to neighboring pairs of heptagonal and
pentagonal rings in Gr. Hence, these defects do not cause any removal or addition of
carbon atoms [20]. SV defect occurs when a carbon atom is missing in the carbon
hexagon ring of Gr [21]. Similar to a SV defect, if another carbon atom is missing,
it is known as a DV defect [22]. Missing carbon atoms resulting from SV and DV
defects may not get completely lost from the Gr plane. Rather, after dissociating
from the original carbon hexagon ring, these carbon atoms relocate on the surface of
the Gr. Novel defects may be caused when these atoms interact with a pure Gr layer.
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Such defects known as carbon adatoms, will disrupt the original planar structure of
Gr and form a three-dimensional structure [15].

However, all these defects can be useful in some applications, as they help to
tailor the local properties of Gr and achieve new functionalities [23–26]. Dopant
atoms such as Boron (B) and Nitrogen (N) are proved to be efficient in improving
the semiconducting properties of Gr and thus its performance in nanoelectronics
and nanodevices [27, 28]. Method control is used for deliberately adding the B and
N atoms in Gr [29]. In addition, B-doped and N-doped Gr have excellent conduc-
tivity and catalytic activity [30]. The electron cloud around Gr in the local area
changes due to the addition of B and N atoms. Also, this phenomena causes the local
regions to be more active [31]. Besides that, the doping of heteroatoms in the Gr also
enhances its performance in aspect of adsorption properties [32]. However, these
dopant atoms distort the original sp2 hybridization in carbon atoms and modifies the
local mechanical, chemical, and electronic properties of Gr [28, 33].

Hence, a good comprehension of the defects and dopants induced in Gr would be
beneficial for enhancement in Gr based nano applications. Till now various attempts
were made to investigate the overall effects of various dopants and vacancy defects
on the mechanical properties of Gr [34–36]. Also, the effects of Boron and Nitrogen
doping on mechanical properties of the Gr, Gr nano ribbons and carbon nanotube,
considering the various doping configurations with SWdefects have been thoroughly
investigated [37–41]. However, the effects of SV defect and dopants like B and N
atoms, at various defect and doping concentrations, on the mechanical properties of
Gr have not be explored yet to the best of the authors’ knowledge. In the present study,
the effects of SV defects and dopants as B and N atoms, on the fracture strength,
fracture strain and Young’s modulus of Gr were determined and comparative anal-
ysis of their results was performed. Computational study of graphene using Molec-
ular Dynamics (MD) is preferred over experimental study due to cost effectiveness,
modelling flexibility, faster analysis and large number of tests.

2 Molecular Dynamics Simulation

2.1 Methodology

TheMD simulation starts withmodelling the system topology by arranging the initial
position of constituent atoms. As the MD simulator, an open source code LAMMPS
[42] (Large-scale Atomic\Molecular Massively Parallel Simulator) developed by
Sandia National Laboratories, USA was used. The topology data file of pristine
monolayerGrwas generated using the open source softwareVMD (VisualMolecular
Dynamics) [43]. That topology data file was then imported to Avogadro [44], an
open source cross-platform molecular editor, for manipulating the atoms of Gr. The
modified topology data file from Avogadro, was then imported to the input script
of LAMMPS for simulating the tensile test on the modified Gr model. OVITO [45]



Computational Analysis of the Effect of Boron and Nitrogen … 193

Fig. 1 a SV defect, b Substitutional doping

(Open-Visualization Tool) supported files were generated by LAMMPS to visualize
the fracture process of the Gr model. Also, the simulation results from LAMMPS
were imported in MATLAB to extract the desired mechanical properties of all the
considered Gr models.

2.2 Molecular Model of Graphene

Molecular models were constructed to analyse the mechanical properties of Gr. The
SV defect concentration varied from 0 to 2%, and boron and nitrogen doping concen-
tration varied from 0 to 5% in Gr models. The defect and doping concentrations were
defined as the percent of atoms eliminated or substituted from pure Gr, respectively.
These defects and dopants were randomly allocated on Gr sheets. In present study,
SV defect was established by randomly eliminating one carbon atom from the Gr as
shown in Fig. 1a. Doping was done by substituting one carbon with a dopant atom
in the Gr as shown in Fig. 1b.

The molecular model of Gr was composed of 2232 carbon atoms having the
dimension of 75 Å × 75 Å. The Models of the pristine Gr sheet and doped Gr sheet
with SV defect as shown in Fig. 2 were considered for the present study.

All the sample models, showing the distribution of the defects and dopant atoms
across the Gr sheet with varying doping concentrations at each defect concentration
from 0 to 2%, are attached in Appendix 2.

2.3 Interatomic Potentials

The accuracy of the MD modelling is influenced critically by the interatomic poten-
tials selected for the atomic structures under investigation. For the current work,
Tersoff potential was selected for representing the interatomic interactions of Gr.
This kind of potential was specifically developed and proved to be reliable for carbon
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Fig. 2 Molecular models of 75 Å × 75 Å. a Pristine Gr sheet, b 1% B or N doped Gr sheet with
1% SV defect

allotropes, like diamond, graphite, nanotubes, and fullerene [46–48]. The function
is expressed as follows:
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∑
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where, E is the potential energy, Ei is the site energy, Vi j is the bonding energy, ri j is
the distance between i and j atoms, fR and f A are the repulsive and attractive pair
potential respectively, and fC is a smooth cutoff function [49].
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The parameters R (cut off radius) and D (cut off switching parameter) have been
selected for including only in the first-neighbor shell for defined structure “for carbon,
R = 1.8 Å”. “The fC function decreases from 1 to 0 in the range: R − D < r <

R + D”.
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The distinctive characteristics of Tersoff potential are the reactive short-range
bonded interactions for carbon-based systems. Hence during the course of simu-
lations, chemical bonds can break and form. Until now, an integrated interatomic
potential has not been developed for the doped Gr models, however various inter-
atomic potentials were utilized for Gr doped with various foreign atoms [50–55].
Thus, referring the previous works, certain interatomic potentials were selected for
Gr doped with discrete foreign atoms. An optimized Tersoff potential was selected
for representing the C–C bonds in Gr, and an optimized BNC Tersoff potential was
selected for representing the C–C, C–B and C–N bonds, in B-doped Gr and N-doped
Gr. The modified Tersoff potential was obtained by changing the values of cut off
radius R from 1.95 to 2.00 and cut off switching parameter D from 0.15 to 0, in the
original Tersoff potential, to avoid the unnecessary interatomic interactions between
the atoms after the point of fracture [56].

2.4 Computation of Mechanical Properties

Uniaxial tensile tests of pristine Gr sheet and doped Gr sheets having SV defects
were performed by the MD simulations in LAMMPS. Prior to performing the anal-
ysis, the sample sheets were equilibrated by minimizing the energy using conjugate
gradient (CG) algorithm [57]. After the equilibration, a constant strain rate of 1 ×
10–3 ps−1 was exerted along the armchair direction of Gr sheets. Generally, the atom-
istic stresses in MD simulation are portrayed with Cauchy stress and virial stress.
Although, Cauchy stress gives better computational efficiency than virial stress, but
at higher temperatures it induces non-physical initial stress, i.e. at zero strain unlike
virial stress [58]. Hence, virial stress was used in present study. The virial stress is
expressed as:
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where, i and j are the directional indices; α and β are numbers assigned to neighboring
atoms; Rβ

i is the atomic position of β along the direction i; Fαβ

j is the force on atom
α along direction j that is caused by the atom β; mα is the mass of the atom α; vα is
the velocity of the atom α; V is the total volume of the system. Further, the elastic
constants of Gr are calculated using the stress tensors with a constant strain rate. The
in-plane stress and strain relation can be represented as follows:
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On account of constitutive matrix being symmetric, the elastic constants can be
expressed as:

C11 = C22 (8)

C12 = C21 (9)

C66 = C11 − C12

2
(10)

Thus the Young’s modulus of Gr can be calculated as [59]:

E = C11 C22 − C12 C21

C22
(11)

In order to eradicate the defined length effects, periodic boundary conditions
(PBCs) were applied along the zigzag and armchair direction of Gr. PBCs are often
used to simulate a part of a large system, such that the atoms exit and enter the
simulation box with similar frequencies and there is no flux of atoms out of the
system.

3 Results and Discussion

3.1 Fracture Process

The LAMMPS simulations results were imported to OVITO software to visualize
the fracture process of all the Gr models. It is observed that the fracture crack prop-
agates vertically through the vacancies created due to SV defects. The B-doped and
N-doped Gr models shows a straight sharp cut after fracture due to the modified
Tersoff potential that avoids interatomic interactions after the fracture. Figures 3 and
4 represents fracture process of Gr sheet with 1% defect and 1% Boron and Nitrogen
doping concentration respectively.

All the values of mechanical properties from the simulation results of Gr at each
defect concentration with varying doping concentrations fron 0 to 5%, are attached
in Appendix 1.

3.2 Fracture Strength

The LAMMPS simulation results were imported to MATLAB for extracting the
values of mechanical properties of all the developed Gr models with defined defect
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Fig. 3 Fracture process of Gr sheet with 1% defect and 1% Boron doping concentration under
uniaxial tensile loading in armchair direction

Fig. 4 Fracture process of Gr sheet with 1% defect and 1% Nitrogen doping concentration under
uniaxial tensile loading in armchair direction

and doping concentrations. The values of fracture strength obtained at 0–5% doping
concentrations of B doped and N doped Gr sheets, at each defect concentrations from
0 to 2% are represented using column chart in Fig. 5a, b respectively.

The fracture strength of Gr decreases with increase in defect concentration, except
at 1 and 2% a little rise was observed due to the defect density. This abrupt change is
observed in the trend due to varying defect and dopant density, as per their distribution
across the Gr sheet (Appendix 2).The fracture strength value of pure Gr decreases by
minimum 30% tomaximum 40% of its pure value due to B doping, while it decreases
by minimum 26% to maximum 37% of its pure value due to N doping. Here, the
term “pure value” means, the value of respective mechanical property at 0% doping
concentration.

For the considered defect and dopant distribution across the Gr sheet (Appendix
2), the doping concentrations of each dopant element that shows maximum and
minimum values of the mechanical properties of graphene at each defect concentra-
tions were identified from Appendix 1, excluding the values obtained at 0% doping
concentration. The maximum fracture strength achieved by B-doped Gr sheet was
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Fig. 5 Fracture strength (in GPa) values at respective defect and doping concentrations for a B-
doped Gr sheets and b N-doped Gr sheets

52.031 GPa at 1% defect with 2% doping concentration, whereas the minimum was
45.122 GPa at 1% defect with 5% doping concentration. The maximum fracture
strength achieved by N-doped Gr sheet was 57.048 GPa at 0.5% defect with 3%
doping concentration, whereas the minimum was 44.297 GPa at 2% defect with 1%
doping concentration.

3.3 Fracture Strain

The values of fracture strain at 0–5% doping concentrations of B doped and N doped
Gr sheets, at each defect concentration from 0 to 2%, are represented using column
chart in Fig. 6a, b respectively.

The fracture strain of Gr shows uneven rise and fall with defect concentration.
This abrupt change is observed in the trend due to varying defect and dopant density,
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Fig. 6 Fracture strain values at respective defect and doping concentrations for aB-dopedGr sheets
and b N-doped Gr sheets

as per their distribution across the Gr sheet (Appendix 2). The fracture strain value
of pure Gr decreases by minimum 11% to maximum 43% of its pure value due to
N doping, while it varies from increase up to 5% of its pure value to decrease up to
36% of its pure value, due to B doping. Here, the term “pure value” means, the value
of respective mechanical property at 0% doping concentration.

For the considered defect and dopant distribution across the Gr sheet (Appendix
2), the doping concentrations of each dopant element that shows maximum and
minimum values of the mechanical properties of graphene at each defect concentra-
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Fig. 7 Young’s modulus (in GPa) values at respective defect and doping concentrations for a B-
doped Gr sheets and b N-doped Gr sheets

tions were identified from Appendix 1, excluding the values obtained at 0% defect
concentrations and 0%doping concentrations. Themaximum fracture strain achieved
byB-dopedGr sheetwas 0.129 at 0.5%defectwith 1%doping concentration,whereas
the minimum was 0.111 at 1.5% defect with 2% and 5% doping concentration. The
maximum fracture strain achieved by N-doped Gr sheet was 0.123 at 1% defect with
1 and 2% doping concentration, whereas the minimum was 0.099 at 1.5% defect
with 5% doping concentration.

3.4 Young’s Modulus

Young’s modulus results obtained at 0–5% doping concentrations of B doped and N
doped Gr sheets, at each defect concentration from 0 to 2%, are represented using
column chart in Fig. 7a, b respectively.
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Table 1 Comparison of present study results with previous research results of pristine Gr sheet

References Method Young’s modulus
(GPa)

Fracture strength
(GPa)

Fracture strain

Lee [4] Experimental 1020 130 ± 10 0.25

Liu [60] DFT 1050 110 0.19

Pei [61] MD (AIREBO) 890 105 0.17

Ansari [62] MD
(Tersoff-Brenner)

790 123 0.23

Present study MD (Modified
Tersoff)

640 103 0.17

The Young’s modulus of Gr decreases with increase in defect concentration. The
Young’s modulus value of pure Gr decreases by minimum 32% of its pure value to
maximum 47% of its pure value, due to B doping,while it decreases by minimum
25% of its pure value to maximum 47% of its pure value, due to N doping. Here, the
term “pure value” means, the value of respective mechanical property at 0% doping
concentration.

For the considered defect and dopant distribution across the Gr sheet (Appendix
2), the doping concentrations of each dopant element that shows maximum and
minimum values of the mechanical properties of graphene at each defect concentra-
tions were identified from Appendix 1, excluding the values obtained at 0% defect
concentrations and 0% doping concentrations. The maximum Young’s modulus
achieved by B-doped Gr sheet was 383.525 GPa at 1.5% defect with 5% doping
concentration, whereas the minimumwas 312.392 GPa at 1% defect with 5% doping
concentration. The maximum fracture strain achieved by N-doped Gr sheet was
472.763 GPa at 0.5% defect with 5% doping concentration, whereas the minimum
was 290.06 GPa at 2% defect with 1% doping concentration.

3.5 Validation of Results

Tensile test simulation results of pristine Gr sheet from LAMMPS were validated
with the previous research results of the same. The present study results matched
closely with the previous research results as observed from Table 1.

4 Conclusions

In the present work, the effects of SV defects with B and N doping were analysed for
the mechanical properties of Gr sheets. Results indicated that Fracture strength and
Young’s modulus of Gr decreases drastically with the increase in defect concentra-
tion,whereas the fracture strain falls and rises unevenlywith defect concentration. For
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the considered defect and dopant distribution across the Gr sheet (Appendix 2), the
doping concentrations of each dopant element that shows maximum and minimum
values of the mechanical properties of graphene at each defect concentrations were
identified from Appendix 1, excluding the values obtained at 0% defect concentra-
tions and 0% doping concentrations. Appendix 1 would help to get clear idea and
proper understanding of the results of the present study.

The maximum fracture strength achieved by B-doped Gr sheet was 52.031 GPa at
1% defect with 2% doping concentration, whereas the minimum was 45.122 GPa at
1% defect with 5% doping concentration. The maximum fracture strength achieved
by N-doped Gr sheet was 57.048 GPa at 0.5% defect with 3% doping concentration,
whereas the minimum was 44.297 GPa at 2% defect with 1% doping concentration.

The maximum fracture strain achieved by B-doped Gr sheet was 0.129 at 0.5%
defectwith 1%doping concentration,whereas theminimumwas 0.111 at 1.5%defect
with 2% and 5% doping concentration. The maximum fracture strain achieved by
N-doped Gr sheet was 0.123 at 1% defect with 1 and 2% doping concentration,
whereas the minimum was 0.099 at 1.5% defect with 5% doping concentration.

The maximumYoung’s modulus achieved by B-doped Gr sheet was 383.525 GPa
at 1.5% defect with 5% doping concentration, whereas the minimum was 312.392
GPa at 1% defect with 5% doping concentration. The maximum fracture strain
achieved by N-doped Gr sheet was 472.763 GPa at 0.5% defect with 5% doping
concentration, whereas the minimum was 290.06 GPa at 2% defect with 1% doping
concentration.

Comparing the values of mechanical properties from Appendix 1, confirmed
that N-doped Gr sheets with SV defects proved to be better in Fracture strength
and Young’s modulus aspects whereas, B-doped Gr sheets with SV defects proved
to be better in Fracture strain aspect. The obtained MD simulation results would
thus help to enhance the development of Gr-based Micro/Nano electro-mechanical
systems (M/NEMS) by selection of the optimal doping concentration, affordable
defect concentration and suitable dopant atom.
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Appendix 1

See Table 2.

Table 2 Mechanical properties of B-doped and N-doped Gr sheets at respective defect and doping
concentrations obtained from molecular dynamics simulation results

Defect
concen-tration
(%)

Doping
concen-tration
(%)

Fracture
strength
(GPa)

Fracture
strain

Young’s
modulus
(GPa)

Boron Nitrogen Boron Nitrogen Boron Nitrogen

0 0 103.15 103.15 0.173 0.173 640 640

1 68.448 67.413 0.172 0.154 373.873 400.109

2 65.139 65.621 0.171 0.145 355.575 419.023

3 62.81 65.621 0.168 0.147 349.311 431.01

4 67.21 68.038 0.171 0.144 369.189 456.414

5 63.829 64.882 0.17 0.141 351.235 459.787

0.5 0 72.422 72.427 0.121 0.121 605.16 605.16

1 51.051 54.535 0.129 0.122 342.795 377.91

2 50.723 55.767 0.125 0.119 348.535 408.552

3 51.225 57.048 0.126 0.119 346.804 426.825

4 50.4 53.788 0.127 0.109 339.832 450.622

5 48.379 55.164 0.121 0.108 342.913 472.763

1 0 74.803 74.803 0.129 0.129 588.741 588.741

1 48.434 50.782 0.119 0.123 334.387 356.272

2 52.031 55.344 0.123 0.123 342.901 389.125

3 49.285 50.235 0.118 0.114 343.244 388.582

4 51.757 54.174 0.123 0.114 342.286 429.829

5 45.122 53.843 0.121 0.11 312.392 460.246

1.5 0 65.607 65.607 0.173 0.173 567.851 567.851

1 48.175 48.804 0.117 0.114 383.091 323.553

2 46.027 47.276 0.111 0.109 377.701 347.459

3 47.281 46.644 0.115 0.105 380.832 369.028

4 46.825 46.827 0.113 0.1 379.423 399.949

5 46.89 47.218 0.111 0.099 383.525 421.196

2 0 69.595 69.595 0.129 0.129 549.243 549.243

1 45.773 44.297 0.12 0.117 328.726 290.06

2 45.432 48.163 0.123 0.114 325.775 330.119

3 45.122 46.609 0.116 0.11 336.007 350.689

4 47.04 45.362 0.121 0.107 339.493 369.234

5 46.529 47.979 0.121 0.106 334.116 409.279
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Appendix 2: Defect and Dopant Distributions Across
the Graphene sheet

Attached are the exact samples of Graphene with SV defects and dopant atoms,
modelled using Avogadro software, considered to study the effect of B and N dopant
atoms at different doping concentrations (1–5%) at each defect concentration from
0 to 2%.

1. Dopant distribution at 0% defect concentration in Graphene
See Fig. 8.

2. Dopant distribution at 0.5% defect concentration in Graphene
See Fig. 9.

3. Dopant distribution at 1% defect concentration in Graphene
See Fig. 10.

4. Dopant distribution at 1.5% defect concentration in Graphene
See Fig. 11.

5. Dopant distribution at 2% defect concentration in Graphene
See Fig. 12.

Fig. 8 Molecular models of 75 Å x 75 Å Gr sheet with 0% SV defects and doping concentration
of a 1%, b 2%, c 3%, d 4%, e 5%. The yellow spheres represent the dopant atoms and the grey
spheres represent the carbon atoms



Computational Analysis of the Effect of Boron and Nitrogen … 205

Fig. 9 Molecular models of 75 Å x 75 Å Gr sheet with 0.5% SV defects and doping concentration
of a 1%, b 2%, c 3%, d 4%, e 5%. The yellow spheres represent the dopant atoms and the grey
spheres represent the carbon atoms

Fig. 10 Molecular models of 75 Å x 75 Å Gr sheet with 1% SV defects and doping concentration
of a 1%, b 2%, c 3%, d 4%, e 5%. The yellow spheres represent the dopant atoms and the grey
spheres represent the carbon atoms
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Fig. 11 Molecular models of 75 Å x 75 ÅGr sheet with 1.5% SV defects and doping concentration
of a 1%, b 2%, c 3%, d 4%, e 5%. The yellow spheres represent the dopant atoms and the grey
spheres represent the carbon atoms

Fig. 12 Molecular models of 75 Å x 75 Å Gr sheet with 2% SV defects and doping concentration
of a 1%, b 2%, c 3%, d 4%, e 5%. The yellow spheres represent the dopant atoms and the grey
spheres represent the carbon atoms
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An Innovative Slag Engineering
Approach for Improving
De-Sulphurisation Efficiency in Silicon
Killed Steels

Somnath Kumar , K. K. Keshari, A. K. Bandhyopadhyay,
Abdhesh Prasad, Vikash Kumar, N. Sen, K. Choudhury, and R. Kumar

1 Introduction

Requirements of customers are becoming very stringent with respect to low levels of
total residuals (P, S, gases, inclusions) in steel. Sulphur in steel is mostly undesirable
and is a detrimental impurity that affects the mechanical properties and the quality
of the steel in a deleterious manner. Thus, desulfurization of steel i.e. removal of
sulphur from liquid steel is very much required. The desulphurisation of steel is a
key process in ladle metallurgy that is mainly achieved in ladles during secondary
steelmaking. Low level of sulphur in end product is required for enhancedmechanical
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properties of steel. Sulphur in steel reduces the mechanical properties of steel by
increasing brittleness; it also decreases weldability and corrosion resistance. The
desulphurization process of steel in ladle furnace with a suitably engineered refining
slag is one of the most important refining operations in the steelmaking process.

Durgapur Steel Plant (DSP) an integrated steel plant of Steel Authority of India
Limited (SAIL) is a foremost producer of long products & the lone manufacturer
of Forged Railway Wheels & Axles in India. Steel Melting Shop (SMS), of DSP
basically produces a wide variety of silicon/aluminium killed steel grades through
BOF-LF/VAD-CC routes. The average hot metal sulphur is 0.045%. Average final
sulphur in Si-killed steels at Durgapur Steel Plant is 0.028%. The desulphurisation
rate from BOF turndown to tundish is 17% and from HM to tundish is 37% only.
High sulphur in steel is one of the bottlenecks in improving the quality of steel as
well as is one of the reasons of low throughput of continuous casters at DSP. There
are also some incidences of off heats/diversions due to high sulphur in steel at DSP.

The desulphurisation potential in ladle furnace not only depends on parameters
like temperature of bath, dissolved oxygen level in steel, initial sulphur content in
the steel, but also mainly depends on chemical composition and physical character-
istics of ladle top slag [1]. The basic requirements for efficient desulphurization are
minimum amount of easy reducible oxides in the slag, high basicity of slag, intense
purging for slag metal reaction etc. Desulphurization in steel is mainly dependent
upon the physico-chemical properties of the ladle top slag. Properly deoxidized slag
with good fluidity plays a vital role in desulphurization [2]. It is very important
to limit the amount of carry over slag in the ladle during tapping as they contain
easily reducible oxides like FeO and MnO which are detrimental to desulphuriza-
tion capacity of the slag. Proper deoxidation practice also plays an important role in
governing desulphurisation. Fully killed (Al, Al–Si) steel has a good desulphurisa-
tion potential. It is necessary to have a low oxygen potential in steel and slag in order
to have a good degree of desulphurization.

De-Sulphurisation of silicon killed steel is a difficult task owing to inherent nature
of steel melt as well as because of ladle top slag. In case of Si killed steel, the ladle
top slag which is basically siliceous in nature has a lower sulphide capacity, lower
partition ratio, and adverse physio-chemical characteristics (higher melting point &
viscosity). Also the oxygen potential of both the bath as well as slag is higher as
compared to normal Al killed steels.

Various earlier work carried out on desulphurisation basically focuses on either
desulphurisation of steel using a highly basic slag or in steels deoxidised by
aluminium. However, in many steel grades deoxidation is carried out by Si and Mn.
In these Si killed steels the ladle top slag basicity is low ranging from 1.2 to 1.8. The
studies on improving desulphurisation of silicon killed steel in a low basicity slag
comprising of CaO–SiO2–Al2O3–MgO are few. The present paper discusses the
various measures taken to improve the desulphurisation potential in silicon killed
steels by creating the conditions conducive for desulphurisation. Slag engineering
was done in a novel way tomake slag physico-chemical characteristics favourable for
desulphurisation of steels. Deoxidation and flux addition practice was modified in an
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innovative way to decrease the SiO2 generation and also to reduce the oxygen poten-
tial of slag. The work carried out has resulted in higher degree of desulphurisation
in steel.

2 Theoretical Considerations

Sulphur is a strong surface active element. Sulphur in molten iron can exist in two
forms i.e. either as an interstitial solution or in form of partially substitutional solu-
tions. It has been seen that activity of sulphur rises considerably when silicon and
carbon are present in the steel. That is why the hot metal can be desulphurised more
easily than steel.

2.1 Effects of Sulphur on Steel

The solubility of sulphur in solidified iron is ~0.002% (max.) in α-iron at room
temperature and ~0.013% (max.) in γ-iron at 1000 °C. Upon cooling when steel
solidifies the solubility of sulphur decreases and it is ejected from the solution as
iron sulfide (FeS). FeS forms a eutectic with the neighbouring iron. This eutectic
segregates at the grain boundaries of iron.

The temperature of Fe–FeS eutectic is relatively low ~988 °C. This low melting
eutecticweakens the attachment between the grains and causes sharp drop inmechan-
ical properties of the steel (brittleness) at the temperatures of Rolling, Forging etc.
This brittleness of steel at higher temperature operations is called hot shortness
which is basically due to presence of low-melting iron sulfides which got segre-
gated at grain boundaries. The following deleterious effects of sulphur become more
prominent when the oxygen content in steel is low [3]

i. Inter granular weaknesses and cracks in steel during solidification due to
formation of undesirable sulphides

ii. Sulphur increases the brittleness of steel and when it exists in the form of
sulphide, the sulphide inclusions acts as stress raiser points in steel products.

2.2 Thermodynamics and Kinetics of Desulphurisation

It is only the liquid phases of the complex slag system that participates in the desulfu-
rization reaction. Normally slags saturated with CaO gives better results w.r.t desul-
phurisation of steel. The solid phase of CaO present in the slag is found to be essential
to keep the liquid phases of slag saturated with CaO, thus the CaO activity in the
liquid phase is expected to be equal to unity [4].
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The following reaction is normally used to describe sulphur movement from the
metal to the ladle top slag:

[S] + (
O2−) ↔ (

S2−
) + [O] (1)

where [A] indicates A dissolved in the metal and (A) indicates component dissolved
in the slag.

In the presence of Si and Al, the desulfurization reaction takes place according to
Eqs. (2) and (3).

4(CaO) + 2[S] + 2[Si] = 2(CaS)s + (Ca2SiO4)s (2)

2

3
[Al] + [s] + (CaO) = (CaS) + 1

3
Al2O3 (3)

Many relationships are available for expressing slag desulphurization potential.
Most of the correlations are functionally dependent on each other. They are mainly
sulphide capacity, sulphur distribution coefficient, desulphurisation potential of slag,
optical basicity, content of easily reducible oxides (FeO, MnO) in slag etc.

2.3 Sulphide Capacity of Slag

Sulphide capacity is an important property of slags which plays a fundamental role
in the analysis and control of desulphurization reaction. It is the potential capacity
of a fully homogeneous molten slag to absorb sulphur during slag metal reaction.
It is a property of the slag, which is dependent on factors like temperature and on
physio-chemical characteristics of slag. Sulphide capacity is used to estimate the
amount of sulphur that a slag will retain under a specified condition [5]. It is also
used to establish the sulphur partition ratio between slag and metal at equilibrium
conditions.

The sulphide capacity of a slag can be represented as:

Cs = K1 · aO2−

fS2−
= (%S)slag ·

√
PO2

PS2

(4)

where aO2− is the activity oxygen of in slag is phase, PO2 and PS2 are the partial
pressures of O2 (g) and S2 (g) and, fS2− is the activity coefficient of sulphur in slag.
K1 is the equilibrium constant for the desulphurisation reaction:

1

2
S2 (g) + (

O2−)
slag = 1

2
O2(g) + (

S2−
)
Slag (5)
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Fig. 1 Isothermal section of
the system,
CaO–SiO2–Al2O3 at
1650 °C showing the Log of
Sulphide capacity with
composition in mass % [6]

Figure 1 represents the sulphide capacities of a CaO–Al2O3–SiO2 slag system at
different slag compositions. For an optimum slag composition to achieve an effective
desulphurisation, compositions nearer to the line ab (−LogCs =1) should be ensured.
Compositions close to the line a-b have CaO activity value close to unity as well as
high basicity which are important parameters for desulphurisation [6].

It is understood that desulphurization capability is improved with higher slag
basicity. Basic slags have high quantity of basic oxides (CaO mainly) which acts
as network breakers and has ability to liberate its oxygen ion (O2−) in substitute for
sulphur dissolved in steel. Many correlations are available between sulphide capacity
and basicity. Three different sulphide capacity models are shown in Fig. 2. The three
models in Fig. 2 show that increased basicity improves sulphide capacity of slag [3].

Fig. 2 Sulphide capacity values as functions of basicity [3]
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2.4 Viscosity of Ladle Top Slag

Thermo-physical property of slag greatly influences the kinetics of the ladle metal-
lurgical operations. The interaction between slag and metal during the ladle refining
is significantly affected by the viscosity of both the steel and slag. At lower viscosity
of the slag, transfer rate of sulphur from liquid steel to ladle top slag is improved
because of higher the slag/metal interfacial area [7]. A low melting point, fluid CaO
rich slag can be obtained by adding an accurate proportion of Al2O3. In some steel
plants the viscosity is adjusted by the addition of CaF2 [7]. Viscosity values for steels
are well established at steel making conditions but the viscosities of slags are not
well established. Slag viscosities are extrapolation of temperature and composition
in a multi-component slag system.

3 Conventional Industrial Practice

Steel Melting Shop of Durgapur Steel Plant (DSP) mainly produces wide variety
silicon killed steel through BOF-LF/VAD-CC/BRC route. The charge mainly
consists of 125 tons of hot metal and ~10 tons of scrap. The average heat weight
is around 118 tons. De-oxidation and alloying is carried out by addition of coke,
silico manganese & ferro silicon etc. Lime (~6–7 kg/ton) is added in the ladle during
tapping to achieve the desired top slag basicity for effective desulphurization and
slag conditioning. Calcined bauxite (~0.8–1.0 kg/tcs) is also added as a slag modi-
fier to make the slag fluid in nature for inclusion absorption, better slag metal mixing
and for low noise level during arcing. Currently no pet coke is added in the ladle
bottom for initial de-oxidation by carbon. Problem faced by DSP is high and fluctu-
ating sulphur content of hotmetal. The average sulphur level in hotmetal is ~0.040%.
Sulphur varies from an average level of 0.040% to as high as 0.074%. This high
sulphur in steel is difficult to remove and ultimately leads to product diversion/down
gradation. Incidences of strand break out are also evident due to high sulphur content
of steel. Only 37% desulphurization is achieved form hotmetal to tundish and from
BOF turndown to tundish, % De-S is only 17.5%, which is quite a low figure which
can been in Fig. 3.

The following approachwas identified to achieve objectives desulphurisation level
at ladle furnace at SMS, DSP:

• Identification of critical parameters responsible for lesser desulphurisation under
DSP condition.

• Slag engineering to form low melting point slag & lowering the viscosity of the
slag.

• Optimization of flux, deoxidation and refining practices to achieve low level of
dissolved oxygen in melt as well as lower level of easily reducible oxides in ladle
top slag.



An Innovative Slag Engineering Approach for Improving … 217

Fig. 3 Sulphur level at different stages of steelmaking at SMS, DSP

4 Experimentation

4.1 Identification of Critical Factors Affecting De-S

In order to firm up improvement measures it was necessary to identify the main
contributing factors which were affecting the de-sulphurisation of steel. To under-
stand the specific reasons of low desulphurisation, the existing practice of secondary
refining was studied in detail. Ladle top slag samples were collected at the LF final
stage of refining tomeasure the slagmelting point andviscosity using empirical corre-
lations & FactSAGE. Analysis of existing practice of steel refining at LF revealed
the following probable reasons responsible for lower desulphurisation:

• Viscous slag during ladle furnace operation: Physical observation of slag at
Ladle Furnace revealed that slag was crusty in nature (Fig. 4). Ladle furnace
slag samples were collected, their melting point and viscosity were calculated,

Fig. 4 Crusty ladle top slag
at Ladle Furnace
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Fig. 5 Viscosity of LHF
final slag at the end of
refining at LF

where it was found that average melting point of the slag was around 1510 °C,
which was very close to liquidus of steels (C: 0.10–0.23%) processed through
LF. In order to maintain a fluid slag during refining and casting operation, the
difference between melting point of slag and liquidus temperature of steel should
be a minimum value of 40–50 °C. The calculated viscosity was found at a level of
0.98 poise at 1600 °C, which showed that slag, was quite viscous in nature (Fig. 5).
Owing to poor fluidity of ladle top slag, proper mixing of slag and metal at ladle
furnace was not feasible, resulting in poor desulphurization. Optimization of slag
composition and adoption of suitable flux addition was necessary for making a
fluid slag for better slag metal interaction.

• High oxygen potential of metal and slag: Since the heats made at DSP are of
silicon killed grade and deoxidation during tapping was done with SiMn, the level
of dissolved oxygen in steel is was normally around 30–40 ppm. It is also evident
from the slag analysis that FeO+MnO content in the slag is higher, ranging from
avg 6.05% (Table 1) to as high as 7.5%. Sometimes slag is blackish in appearance.
This shows that the slag is not properly deoxidized and hence not very conducive
for desulphurization.

• High carryover slag from BOF converter: Primary steel making slag has high
percentage of easily reducible oxides. These easily reducible oxides are very
detrimental for desulphurisation point of view. Some amount of this slag comes
into the ladle fromBOF converter during tapping because of carryover of slag. The
carryover slag form converter results in high and variable amount of oxides like

Table 1 Ladle Furnace final slag analysis in conventional practice

CaO SiO2 Al2O3 MgO FeO MnO P2O5 S TiO2 FeO + MnO Basicity
(CaO/SiO2)

47.20 28.44 5.32 11.58 3.16 2.89 0.11 0.14 0.97 6.05 1.65
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FeO andMnO to the ladle top slag. AtDSP carryover slag is sizeable (~6–8 kg/tcs)
and also varies considerably from heat to heat.

4.2 Plant Trials with Modified Practice

For improvement of steel desulphurization, plant trials were conducted separately for
heats through bloom caster and vacuum arc degasser (VAD) unit. For bloom caster
heats, initial deoxidation was carried out by addition of ~100 kg pet coke in the
ladle bottom. As the product of deoxidation by carbon is gaseous, it helped in good
mixing of metal and slag and in initial reduction of dissolved oxygen content. It was
also beneficial for steel cleanliness. Initial deoxidation with pet coke also helped in
reducing silica content in ladle top slag which adversely affects the sulphide capacity
of slag.

Calcined bauxite was used as slag fluidiser, and was added during taping of steel.
Alumina is considered as the third “best” flux after B2O3 and CaF2 to break Ca2SiO4

complex and increase the solubility of CaO in slag. A sizeable amount of alumina is
required to increase the CaO solubility at 1600 °C [8].

The improvement in i.e. increase in CaO solubility in slag above the minimum
Al2O3 threshold value is also related to the levels of SiO2 content of the slag. The
Al2O3 in the slag act as CaO–SiO2 chain breaker and hence brings CaO into the
solution. Thus breakage of Calcium silicate chain lowers the viscosity of slag and
improves its fluidity. In Fig. 6 we can see the effect of alumina replacing the SiO2

and improving CaO saturation in slag.
Figure 6 shows that in the CaO–Al2O3–SiO2 (CAS) system, initially the CaO

solubility is decreases as the replacement of SiO2 with Al2O3 progresses. A great
enhancement in CaO solubility occurs when the alumina levels of the slag increases
beyond 25% Al2O3 and the silica level of the slag is lowered to less than 10% SiO2.

In plain silicon killed steel, there is remaining dissolved oxygen at the level of
35–50 ppm. In the base heats wherein dissolved oxygen level was measured after
treatment finish in ladle furnace, the dissolved oxygen level was found in between
35 and 40 ppm. In order to minimize the dissolved oxygen level in steel melt, Al–Si
deoxidation was introduced instead of plain Si deoxidation. For this ~80 kg of Al
was added in ladle bottom along with petcoke before start of tapping. In order to
make the slag fluid in nature for better slag metal mixing and inclusion absorption,
around 200 kg of calcined bauxite was added in ladle during tapping from BOF.

The amount of 80 kg Al addition for deoxidation was decided based on earlier
industrial experience. The amount of Al was fixed at this level, as it was found that
this was not leading to any nozzle clogging in SEN (as the heats were not calcium
treated). The amount of calcium bauxite was fixed to 200 kg based on calculations
to achieve ~10% of Al2O3 in the ladle top slag (targeted ladle top slag chemistry is
shown in Table 2).
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Fig. 6 The solubility of CaO as Al2O3 is replacing SiO2 at 1600 °C

Table 2 The targeted ladle top slag chemistry

CaO% SiO2% Al2O3% MgO% FeO + MnO% Basicity

47–50 20–25 10–12 6–8 <2 1.8–2.2

Pet coke is a very good deoxidiser, as it does not leave behind any deoxidation
product (the deoxidation product is carbon monoxide gas). During the earlier indus-
trial experience what we have seen that addition of ~0.8–1.0 kg/tcs of pet coke in
ladle bottom does not lead to any carbon pick up. Based on this assumption the
amount of 100 kg pet coke addition in ladle bottom was finalised.

Presence of FeO, MnO in ladle top slag greatly reduces the desulphurisation
capability of slag. One of the basic pre conditions for steel desulphurisation of steel is
high basicity (CaO saturated) and completely reduced slag. FeO&MnO, also known
as easily reducible oxides significantly reduces the desulphurisation potential of ladle
top slag. The presence of FeO & MnO reduces the sulphide capacity and sulphur
partition ratio of ladle to slag. The effect of FeO + MnO on steel desulphurisation
is shown in Fig. 7.

In order to reduce the levels of these oxides, slag deoxidation technique was tried
out. The purpose of addition of FeSi + Coke or any other slag deoxidisers (like Al
shots) is to reduce the FeO & MnO in ladle top slag After completion of tapping, a
50–50-% mixture of FeSi fines & Coke fines (~60 kg) were added in the ladle top
slag for reduction of FeO + MnO.
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Fig. 7 Effect of easily reducible oxides on Steel Desulphurisation

In order to assess the effectiveness of modified flux, de-oxidation and refining
practices, data was collected for sulphur level in liquid steel for evaluation of product
quality. The LF final slagwas also collected for determining the viscosity andmelting
point of the modified slag. For VAD heats the lime addition was reduced from 1000–
1200 kg to 850–900 kg. Slag deoxidation method was also adopted for VAD heats.

Further addition of flux (as required) and trimming addition of ferro alloys were
carried in ladle furnace. Final LF slag samples were collected and analysed for
comparison.

5 Result and Discussion

De-Sulphurisation of silicon killed steel is a difficult task owing to inherent nature
of steel melt as well as because of ladle top slag. In case of Si killed steel, the ladle
top slag which is basically siliceous in nature has a lower sulphide capacity, lower
partition ratio, and adverse physio-chemical characteristics (higher melting point &
viscosity). Also the oxygen potential of both the bath as well as slag is higher as
compared to normal Al killed steels.

Trials for desulphurization were carried out for bloom caster heats. During the
trial period, heats were treated with suggested flux addition. The quality of slag was
monitored at LF. The refining slag was found to be more fluid with the modified flux
and deoxidation practice for bloom caster heats, as compared to normal practice.
The analysis of slag samples of Si-Al killed bloom caster heats revealed reduction
in melting point and viscosity of LF slag which was achieved by incorporating
initial de-oxidation by carbon and further killing by Al in combination with normal
de-oxidation practice. Slag viscosity reduced from 0.98 to 0.75 poise at 1600 °C
(Fig. 8) and slag melting point reduced from 1510 to 1445 °C (Fig. 9).

Due to the inherent characteristics of Si killed steels the De-S capability of slag
is generally low (low sulphide capacity/ low sulphur partitioning ability of slag) as
can be seen from Fig. 10. From Fig. 11, it can be seen that the present slag system
was falling into a region of low sulphur partition and sticky slag zone. Slag melting
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Fig. 8 Viscosity of LF Slag
at 1600 °C in conventional
and modified practice

Fig. 9 Melting point in
conventional and modified
practice

Fig. 10 Sulphide capacities
of Slags
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Fig. 11 Position of current slag in low sulphur partition region

characteristics was worked out for the modified slag system which can be seen from
Fig. 12.

Fig. 12 Slag melting behaviour showing around 90% slag liquid at 1600 °C
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To make conditions more conducive for desulphurisation, changes in ladle top
slag chemistrywas achieved by incorporatingAl-Si deoxidation and slag deoxidation
method. The targeted ladle top slag chemistry is shown in Table 2:

The modified practice helped in improving the desulphurisation of heats through
bloomcaster.Analysis of trial results showed average tundish sulphur level of 0.015%
as compared to 0.028% for earlier heats through bloom caster (Table 3). Around 62%
De-S from HM to tundish was achieved in trial heats in which modified practice was
followed. The modified practice helped to achieve low dissolved oxygen level of
7–10 ppm as compared to 35–40 ppm and low (FeO + MnO) level of <2.5% as
against ~5% in normal practice. Changing the deoxidation practice from Si killed to
Si- Al killed helped to reduce SiO2 generation thereby increasing the average slag
basicity from 1.7 to 2.04 which facilitated desulphurization. The Alumina level in
the slag increased from 4 to 5% to ~9–10% in ladle top slag thereby improving the
sulphide capacity of slag.

In some trial heats required De-S was not achieved. During the analysis of trial
results it was found that, the rate of carryover slag was substantial in those heats. One
of the preconditions for De-S is that the carry over slag from BOF to ladle should
be as low as possible. The presence of easily reducible oxides in carry over slag
makes the conditions for De-S unfavourable and since there is a limited treatment
time available at the LFs, the extent of De-S achievable is less. We can see in Fig. 13,
that in cases when FeO + MnO level in slag is more, the appearance of ladle top
slag is blackish (it is the case when carryover slag is higher), whereas in case of fully
killed, lime saturated slag (which is beneficial for De-S) the slag appearance is white.

The slag deoxidation technique was found to be very helpful in reducing the ladle
top slag oxygen potential. Significant decrease in FeO, MnO levels was observed
in heats through VAD in which slag deoxidisers were added. This in combination
with controlling lime addition between 850 and 950 kg also helped in improving
desulphurisation level in heats through VAD (Table 4).

In all the trials heats through bloom caster in which Al-Si deoxidation was prac-
ticed, no stopper rod fluctuations was observed.. Very smooth casting was observed
in heats in which aluminium was added. This is a good indication that no clog-
ging tendency was found even with addition of Al in ladle during tapping. It is also
very significant that no calcium treatment was carried out in the trials heats with Al
addition. Apart from Al & coke addition in ladle bottom, all the other processing
parameters were similar as compared to normal heat making at DSP for bloom heats.

6 Conclusions

Critical factors responsible for poor desulphurisation were identified. It was found
that high FeO + MnO in slag due to high slag carry over, high dissolved oxygen
and low basicity coupled with low fluidity of slag were the main reasons for poor
desulphurisation at DSP.
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Fig. 13 a LF Slag black in appearance (Higher Oxy Potential). b Completely deoxidised LF slag
white in appearance

The process of deoxidation and flux addition was modified. Initial deoxidation
with carbon and further killing of the bath by Al in combination with normal de-
oxidation practice for bloomcaster heatswas established. Innovative slag deoxidation
practice using coke + FeSi fines was found to be very beneficial for reducing ladle
top slag.

These modifications helped in achieving average sulphur levels of 0.015% (as
compared to 0.035% in base heats) in trials heats through bloom casters (~60%
de-S from HM to tundish as compared to 37% earlier). In VAD heats where slag
deoxidationmethodwas adopted, coupledwith reduced lime addition (~850–950kg),
~60% de-S (from 0.035% to 0.013%S) was achieved from HM to VAD finish.

In all the trial heats through bloom casters no stopper rod fluctuations was
observed. This is a good indication that in case of higher HM S, the suggested
practice can be adopted for desulphurising the steel without having any apprehen-
sion of nozzle clogging. No calcium treatment practice was followed in trial heats.
But any delayed addition of Al in ladle furnace may result in tendency of nozzle
clogging.

The change in flux and deoxidation practice for improvising the desulphurisation
process does not have any additional risk involved.

The modified practice cost is minimal (~Rs 200/tcs) as compared to grade rejec-
tion or grade down gradation on account of higher sulphur in steel. Higher Sulphur
also sometimes leads to breakout leading to strand loss and consequently huge loss
productivity loss.

This novel slag engineeringmethod using calcined bauxite as slagmodifier helped
in increasing the solubility of CaO in slag resulting in lowering down ofmelting point
of slag. Thismethod can be utilized for improving desulphurisation of steel whenever
the hot metal sulphur is high.
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Medium Manganese Steel: Revealing
the High Sensitivity of Microstructure
and Mechanical Properties
on Intercritical Annealing Temperature
and Time

Avanish Kumar Chandan, Gaurav Kumar Bansal, Biraj Kumar Sahoo,
and Jay Chakraborty

1 Introduction

Demand of lighter yet stronger steels for automobiles is driven by the ever increasing
passenger safety standards and fuel economy. From the metallurgist’s eye, the chal-
lenge is to produce a material having an inherent property of combined strength
and ductility. Strong material will thereby take care of the required strength. At
the same time, a ductile material will be formable and thus can be rolled into thin
sheets, rendering them lighter which in turn will take care of the light weighting, fuel
economy and the overall carbon footprint. Endeavors for such a material is still a
challenge to the research community as producing a strongmaterial is always associ-
atedwith the decrease in ductility and vice versa, a phenomenon commonly known as
strength-ductility trade-off. Steels has been thefirst choice of budget carmakers owing
to its appropriate properties, low cost and a proven technology for mass production
and processing. Steel for automotive applications have evolved over the decades in
order to stay alive amidst the competition being put up by several alternativematerials
such as magnesium alloys, aluminum alloys, plastics, composites etc. In this regards,
evolution of various grades of advanced high strength steels (AHSS) has a major role
to play. AHSS are the improved version of high strength steels (HSS). As per the
WorldAuto Steel [1], “HSS andAHSS come from same steel family sharing common
behaviors. AHSS exhibits enhanced strength-ductility combination in comparison to
various HSS grades such as IF, BH, HSLA etc. Definition-wise, the steels having
yield strength (YS) in the range of 210–550 MPa are termed as HSS and anything
stronger than that as AHSS.” AHSS is a steel class which covers a broad gamut of
steel grades with variations in processing, composition, microstructure and proper-
ties. Till now, AHSS has evolved up to three generations (Gen). Figure 1 shows the
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Fig. 1 Schematic of strength—elongation map for various AHSS grades

evolution of various Gen AHSS with respect to strength and elongation. 1st Gen
AHSS consists of martensitic steels, dual phase (DP) steels, transformation-induced
plasticity (TRIP) aided steels, etc. 1st Gen steels possessing strength levels in the
range ~400–600 MPa and ductility ~10–20%, are becoming obsolete as they do not
match with the modern car safety standards. Such a critical caveat led to the evolu-
tion of AHSS to 2nd Gen grades. 2nd Gen AHSS are basically high manganese
(Mn) (>15–20 wt.% Mn) steel grades such as TRIP or/and twinning-induced plas-
ticity (TWIP) steels. 2nd Gen AHSS grades possess an excellent balance of strength
and ductility with tensile strength as high as 1000 MPa at the same time, a uniform
ductility of more than 50% can be achieved. But all these comes at a highly increased
cost due to heavy alloying in the steel. Additionally, 2nd Gen AHSS suffers major
weldability issues which again is a consequence of high alloying content. These
factors made budget carmakers reluctant to use these steel and there has been a
requirement of alternatives. Such prevailing situation of dismal performance by 1st
GenAHSS and high cost of 2ndGenAHSS had led to the evolution of 3rdGenAHSS
which include steel grades such as medium Mn steel [2–5] and quench and parti-
tioned (Q&P) steel [6–9]. Medium Mn steels are considered as a promising future
steel grade for automobile’s body in white (BIW) parts and an alternative to the 2nd
Gen AHSS with significantly lower cost. Medium Mn steels contains considerably
low Mn (3–12 wt. %) [10] as compared to the 2nd Gen steel grades. In contrast
to the fully austenitic microstructure of 2nd Gen AHSS, microstructure of medium
Mn steels consists of ultrafine ferrite and martensite phases along with a signifi-
cant amount of film and/or blocky retained austenite phase (generally >15–20 vol.
%). Mechanical properties of medium Mn steels have been found to be comparable
to that of 2nd Gen steels. Enhanced mechanical properties of medium Mn steels,
containing considerably lower Mn content than the 2nd Gen AHSS, is primarily
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attributed to the presence retained austenite (γret ) in the ultrafine ferrite/martensite
(α) matrix. Retained austenite stabilization in the final microstructure is carried out
via the heat treatment technique, austenite reverted transformation (ART) annealing,
commonly known as intercritical annealing (IA). Apart from the amount of retained
austenite, there are various other factors which directly or indirectly affect the final
mechanical properties, such as alloy composition, intercritical annealing parameters
such as time and temperature, prior austenite grain size, crystallographic orientation,
lath size, composition dependent stacking fault energy (SFE) of austenite phase etc.
Each of these factors influences the mechanical properties of the steel. Therefore,
a comprehensive understanding about the above mentioned factors is critical for
designing a medium Mn steel with the desired properties. Among these, IA temper-
ature and time are primarily the most important parameters which influences all the
other factors such as amount of retained austenite phase, composition of the retained
austenite which in turn affects its SFE, fineness of the martensite laths and austenite
films which is directly associated with the stability of the retained austenite etc.

In the present work, an attempt has been made to discern the influence of the
intercritical annealing temperature and time on microstructure and the consequent
mechanical properties ofmediumMn steels.A thermodynamicmodel calculation has
been utilized for establishing the importance of intercritical annealing temperature on
the microstructure and the consequent mechanical properties of medium Mn steels
has been discussed. Importance of intercritical annealing time has been elucidated
in terms of stacking fault energy and austenite stability.

2 Results and Discussion

2.1 Effect of Intercritical Temperature

The simplest possible way to stabilize austenite phase would be to isothermally
hold the steel specimen in the intercritical phase field (between Ac1 and Ac3)
after the austenization treatment, followed by cooling [11]. However, this simple
process will result in soft large grained ferrite matrix + the retained austenite. In
this particular case, achievement of the required strength will be compromised as
the large ferrite grains would limit the mechanical properties that could have been
achieved with a fine grain structure. The schematic of the above mentioned process
is presented in Fig. 2a. The concept of ART annealing for medium Mn steel empha-
size to produce ultrafine microstructure of retained austenite embedded in-between
the ferrite/martensite laths. ART annealing involves holding of steel having a fully
martensitic fine microstructure in the intercritical phase field region during which
fine austenite forms and undergoes sufficient enrichment of austenite stabilizers such
as carbon and Mn. These austenite stabilizers in turn decrease the martensitic start
temperature (Ms) (as per the equation (i)) of the intercritical austenite phase to a
sufficient extent and at the same time the CCT curve of the intercritical austenite
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Fig. 2 Various heat treatment routes in medium Mn steel

phase shifts to the right due to enrichment of the austenite phase. Both the above
mentioned factors allows retention of a significant amount of austenite phase in the
final microstructure after the final quenching to room temperature. The amount of
enrichment of C and Mn in the intercritical austenite phase and subsequent amount
of retained austenite in the final microstructure will be dependent on the temperature
of isothermal intercritical holding of the steel specimen (as per the phase diagram).
In this context, it is important to select the correct holding temperature in order to
obtain maximum amount of retained austenite with the required phase stability. Steel
specimen held just above the Ac1 temperature would have little amount of intercrit-
ical austenite phase and a high amount of solute elements available for its enrich-
ment (Fig. 2b). Consequently, a small amount of retained austenite will be obtained
but with a significant solute enrichment. Another option is to choose the intercrit-
ical holding temperature just below the Ac3 temperature, i.e. a higher intercritical
temperature (Fig. 2c). In this case, the amount of intercritical austenite phase will
be high which might result in greater retained austenite content in the microstruc-
ture. However, since the amount of solute element for enrichment of austenite is
fixed, this will result in low concentration of solute elements in the high volume of
intercritical austenite phase. Hence, after quenching the steel specimen after inter-
critical holding, the amount of retained austenite will again be on the lower side.
This suggests that there has to be an optimum intercritical holding temperature for
obtaining the maximum retained austenite volume fraction (Fig. 2d).

One way of finding the optimum temperature is by performing the ART annealing
at different intercritical temperatures followed by measurement of the volume frac-
tion of retained austenite by some suitable technique like X-ray diffraction (XRD).
However, this is not encouraged due to its experiment intensive nature. Instead, it is
suggestive to utilize the thermodynamic model developed by Moor et al. [12]. The
same has been vastly utilized by the research fraternity due to its large success in
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predicting the amount of retained austenite near-correctly. In the following, descrip-
tion of themodel calculation has been presented for a theoretical steel of composition,
Fe-5Mn-0.25C wt.%. The model consists of the following steps:

(i) As the first step, the temperature dependent evolution of the equilibrium
phases is being done. Figure 3a shows the evolution of various phases with
temperature as calculated from the ThermoCalc program [13].

(ii) Second step is to predict the composition of the equilibrium austenite phase at
different temperatures. Figure 3b, c presents theC andMn concentration of the
austenite phase predicted using the ThermoCalc program for the mentioned
steel composition.

(iii) In third step, Ms temperature of the austenite phase is calculated by using the
following equation [14]:

Ms = 539 − 423 ∗ %C − 30.9 ∗ %Mn − 7.5 ∗ %Si + 30 ∗ %Al (1)

It is clear from the above equation that Ms temperature of the austenite phase
is dependent on the intercritical annealing temperature as the solute content in the
austenite phase vary with the temperature. The amount of martensite forming after

Fig. 3 a Phase evolution with increasing temperature, b Carbon, cManganese and d volume % of
retained austenite as a function of intercritical holding temperature
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quenching the specimen to room temperature, initially held at an intercritical temper-
ature has been estimated using the empirical Koistinen–Marburger (KM) equation
[15]:

fm = 1 − exp(−0.011(Ms − QT )) (2)

where, Ms is martensitic start temperature and QT is quenching temperature. QT has
been taken to be 30 °C (room temperature) in this particular case.

(iv) The final retained austenite fraction in the microstructure can be estimated by
subtracting the amount of freshly formed martensite (after the final quenching
from intercritical temperature) from the equilibrium austenite fraction present
at that particular intercritical temperature (Fig. 3d).

Figure 3d shows the predicted amount of retained austenite using the above
formalism with the intercritical temperature. The predicted maximum retained
austenite volume % occurred at the dissolution temperature of the cementite phase
(Fig. 3a). Further, it is apparent that the predicted amount of retained austenite is
highly sensitive to the variation in the intercritical temperature. A small change in
the intercritical temperature in order of just 20 degrees leads to significant differ-
ence in the predicted retained austenite volume %. This is due the fact that C and
Mn content of the intercritical austenite phase varies significantly with the tempera-
ture, leading to alteration in the Ms temperature and hence in the amount of retained
austenite phase. Figures 3b, and c depicts the change in absolute value of the predicted
amount of C and Mn, respectively, showing that again a small change in temperature
lead to a considerable change in the C and Mn content of the austenite phase. To the
end, it is important to note that Ms temperature is largely dependent on the carbon
content of the austenite phase. A change of 0.1 wt. % C in the austenite phase lead
to a difference of 42.3 °C in the Ms temperature (as per equation (i)). Furthermore,
the C content of the intercritical austenite phase varies in the order of 0.1 wt. %
(Fig. 3b). Thus, as far as the prediction is concerned, the retained austenite content
is greatly influenced by the intercritical temperature of ART treatment. Microstruc-
ture evolution after the ART treatment in a medium Mn steel having composition,
Fe-5Mn-0.25Cwt.%, is displayed in Fig. 4. Figure 4a shows the as-rolledmicrostruc-
ture consisting of full-martensite microstructure. Highly dense martensite laths can
be observed within various prior austenite grain boundaries. The steel when ART
treated at 650 °C resulted in the stabilization of austenite phase (shown with arrows
in Fig. 4b) along with the martensite phase (Fig. 4b).

Dependence of experimental retained austenite volume % has been found to be
in compliance with the prediction made from the above model calculation. Determi-
nation of retained austenite volume % using thermodynamic calculations has been a
routine thing to be carried out for medium Mn steels. Several authors have reported
the effect of intercritical temperature on the retained austenite stabilization and the
ensuing mechanical properties. To this end, a significant difference in the retained
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Fig. 4 a As hot-rolled microstructure consisting of martensite laths, b microstructure after ART
treatment possessing retained austenite, indicated with arrows

austenite contentwas observed in theFe-5Mn-0.25Cwt.%mediumMnsteel.Accord-
ingly, the tensile properties showed marked variation. Figure 5 shows the true stress–
strain curve of the Fe-5Mn-0.25Cwt.%mediumMn steel ART treated at 650 °C, and
670 °C, respectively. The corresponding retained austenite content before the tensile
test in heat treated specimens has been shown in Fig. 5. It is noteworthy that there
occurred a significant variation in the retained austenite volume % even with a small
variation in the intercritical temperature of 20 °C. The retained austenite content was
found to be in compliance with the predicted values in Fig. 3d. Further, the tensile
properties also found to vary significantly with the intercritical temperature. The
specimen with greater retained austenite content showed lower strength but higher
ductility in comparison with the specimen having lesser retained austenite content.
In this context, austenite phase having the FCC structure have higher number of

Fig. 5 A true stress–strain
plot of Fe-5Mn-0.25C
medium Mn steel ART
treated at 650 and 670 °C
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slip system than BCC structure and therefore can be easily deformed upon loading.
In an another work, Bansal et al. [5] have also showed variation in the retained
austenite content with intercritical annealing temperature. In that study, a medium
Mn steel of composition, Fe-4.75Mn -0.09C-1.24Si-0.64Al wt.%, was found to be
sensitive with the intercritical temperature. Retained austenite content first increased
and then decreased with increasing the ART annealing temperature in an interval of
20 °C. The maximum retained austenite was stabilized for the temperature greater
than the cementite dissolution temperature, confirming the importance of the C in
austenite stabilization. Further, the strength as well as the ductility increased with the
increase in the retained austenite content in the microstructure. In an another study,
the temperature sensitivity of retained austenite formation in a mediumMn steel (Fe-
6Mn-0.15C-1.5Si-1Al wt.%) was showcased by Kim et al. [16]. Retained austenite
volume%was found to increase significantly with the increase in the ART annealing
temperature by just 20 °C. The tensile properties of the steel also varied drastically
with a small variation in temperature of the order of 10–20 °C. Interestingly, the spec-
imenwith greater retained austenite content exhibited greater strength. In this context,
it is general belief that a greater retained austenite content in the microstructure lead
to improvement in ductility and decrease in the strength of the steel. This is because
of the fact that austenite phase is a close packed face centered cubic crystal structure
with a large number of slip systems and hence can be deformed easily. This notion is
partially true and needs an amendment. Along with slip, austenite phase can deform
via martensitic transformation and/or twinning. Both the martensitic transformation
and twin is known to provide excellent work hardening during deformation and the
related phenomena are known as TRIP and TWIP effects, respectively. Hence, the
presence of austenite in the microstructure can improve the strength as well. SFE of
the austenite phase greatly influences the onset of TRIP or TWIP effect [17–22]. It
is known that SFE less than 18–20 mJ/m2 triggers TRIP effect while that in between
20–45 mJ/m2 triggers TWIP effect in the austenite phase. Austenite phase with SFE
greater than 45 mJ/m2 deform preferably via slip. In the purview of work hardening
during the deformation, TWIP effect is known to be the superior. SFE is composition
and temperature dependent, therefore, can be tuned as per the requirement. Hence, in
the above mentioned cases, the increase in strength as well as ductility can be asso-
ciated with optimum SFE which would have triggered TRIP or/and TWIP effects in
the specimens during deformation instead of just simple slip.

2.2 Influence of Intercritical Annealing Time

The model for retained austenite volume % prediction has an inherent assumption
that all the processes are being carried out at equilibrium. The kinetics of evolution of
austenite phase during intercritical holding and subsequent partitioning of alloying



Medium Manganese Steel: Revealing the High Sensitivity … 237

elements was not considered. However, this may not be correct for each case as
the austenite evolution kinetics is highly dependent on various other factors such as
initial state of the specimen (forged/hot rolled or cold rolled) and initial microstruc-
ture (prior austenite grain size, presence of pre-existing austenite, martensite lath
characteristics). One of the major objective of the ART annealing treatment is to
obtain the maximum amount of retained austenite in the final microstructure and the
amount of retained austenite depends on the factors such as intercritical austenite
volume %, the extent of elemental partitioning, the morphological evolution of the
intercritical austenite etc. All these factors are time dependent and have a direct
influence on the retained austenite content in the final microstructure. Hence, in
order to obtain maximum amount of retained austenite in the final microstructure, it
is important to perform ART annealing treatment for an optimum time duration such
that the above mentioned time dependent factors must be well taken into account.
Various authors have revealed the kinetics effect of austenite reversion in medium
Mn steel [2, 5, 23]. Kinetics of austenite reversion and subsequent partitioning of
alloying elements have important implications on the mechanical properties of the
steel. Mechanical stability of the retained austenite phase is directly dependent on
the stacking fault energy (SFE) of the austenite phase as discussed in the previous
section. The occurrence of various work hardening effects in the austenite phase is
SFE dependent. Since SFE is composition dependent and the composition of the
austenite phase in medium Mn steel evolve with time, the mechanical properties of
the steel would vary with varying the duration of ART annealing. In this context,
Chandan et al. has showcased the importance of intercritical annealing duration vis-
à-vis SFE of the austenite phase on the deformation behavior (of retained austenite)
and mechanical properties of a Fe-4.75Mn-0.18C-0.4Al-0.8Si mediumMn steel [3].
It has been shown that the SFE of the austenite phase varies from 9 mJ/m−2 to
20 mJ/m−2 in the hot-rolled steel which was ART treated at 650 °C for 2 h and 4 h,
respectively. The consequent deformation behavior of the retained austenite phase
changed from TRIP in the 2 h annealed specimen to TWIP in the 4 h annealed spec-
imen. The change in the deformation behavior from TRIP to TWIP led to significant
enhancement in the tensile property of the 4 h annealed specimen [3]. It was shown
that the increase in the SFE of the 4 h annealed specimen was primarily due to the
increase in the Mn content of the austenite phase with increased intercritical holding
time. Bansal et al. carried out a detailed study on the temporal evolution of retained
austenite in a medium Mn steel of composition, Fe-4.75Mn −0.09C-1.24Si-0.64Al
wt.% [5]. They also proposed a methodology to predict the retained austenite content
at room temperature for varied annealing durations. It was shown that the samples
annealed at different temperatures ranging from 570 to 670 °C (at an interval of
20 °C) stabilized increasing amount of retained austenite with increasing time dura-
tion. This increase in the austenite volume fraction with increasing time duration
has an important implication on the mechanical properties of medium Mn steels. In
this context, Xu et al. showed that both strength and ductility of the medium Mn
steel increased with the increase in the retained austenite fraction which was resul-
tant of the increased time duration of ART annealing. Thus, introduction of retained
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austenite in the microstructure can be useful in overcoming the so-called strength-
ductility trade-off. The simultaneous improvement in strength and ductility can be
associated with the onset of TRIP and/or TWIP mechanism in the austenite phase
during deformation of the steel.

3 Concluding Remarks

From the above discussion, it is clear that both intercritical annealing temperature
and time are most important parameters to be controlled in order to achieve the
required retained austenite phase content in the final microstructure. Furthermore,
both temperature and timemust be suitably chosen in order to achieve the appropriate
stability and SFE of the retained austenite phase and hence enhanced mechanical
property. The importance of temperature lies in the fact that the elemental distri-
bution in austenite phase is highly dependent on the intercritical temperature as
per the equilibrium condition. However, the achievement of equilibrium requires a
finite amount of time, which are generally not possible to employ in an industrial
environment. Therefore, the kinetics of intercritical austenite phase evolution and
subsequent partitioning of alloying elements needs to be considered as well. Apart
from the ART temperature and time, selecting an alloy with suitable composition
is another facet which must be looked upon carefully. The thermodynamic model
calculation described can be utilized for predicting the retained austenite and its
composition. Additionally, thermodynamic models for composition and tempera-
ture based SFE calculations [18, 19] can be employed for prediction of the tentative
SFE of the austenite phase. Accordingly, the deformation behavior of the austenite
phase can be ensured to either TRIP or TWIP or combination of both. In this way,
the mechanical property of medium Mn steels, which is highly dependent on the
austenite phase, can be tuned as per the requirement.

Acknowledgements The author AKC would like thank Md. Sameer Ansari for his contribution in
performing the thermodynamic model calculation.

References

1. Worldautosteel (2011) Future steel vehicle—final engineering report. http://Www.Autosteel.
Org/Programs/Future%20steel%20vehicle.Aspx

2. Mishra G, Chandan AK, Kundu S (2017) Hot rolled and cold rolled medium manganese steel:
mechanical properties and microstructure. Mater Sci Eng A 701:319–327. https://doi.org/10.
1016/j.msea.2017.06.088

3. Chandan AK, Mishra G, Mahato B, Chowdhury SG, Kundu S, Chakraborty J (2019) Stacking
fault energy of austenite phase in medium manganese steel. Metall Mater Trans A 50:4851–
4866. https://doi.org/10.1007/s11661-019-05367-x

http://Www.Autosteel.Org/Programs/Future%2520steel%2520vehicle.Aspx
https://doi.org/10.1016/j.msea.2017.06.088
https://doi.org/10.1007/s11661-019-05367-x


Medium Manganese Steel: Revealing the High Sensitivity … 239

4. Chandan AK, Bansal GK, Kundu J, Chakraborty J, Chowdhury SG (2019) Effect of prior
austenite grain size on the evolution of microstructure and mechanical properties of an inter-
critically annealed medium manganese steel. Mater Sci Eng A 768(138458). https://doi.org/
10.1016/j.msea.2019.138458

5. Bansal GK,Madhukar DA, Chandan AK, Ashok K,Mandal GK, Srivastava, VC (2018) On the
intercritical annealing parameters and ensuing mechanical properties of low-carbon medium-
Mn steel. Mater Sci Eng A 733:246–256. https://doi.org/10.1016/j.msea.2018.07.055

6. Bansal GK, Rajinikanth V, Ghosh C, Srivastava VC, Kundu S, Chowdhury SG (2018)
Microstructure–property correlation in low-Si steel processed through quenching and
nonisothermal partitioning. Metall Mater Trans A 49:3501–3514. https://doi.org/10.1007/s11
661-018-4677-1

7. Bansal GK, Junior LP, Ghosh C, RajinikanthV, Tripathy S, Srivastava VC, Bhagat AN, Chowd-
hury SG (2020) Quench temperature-dependent phase transformations during nonisothermal
partitioning. Metall Mater Trans A 51:3410–3424.https://doi.org/10.1007/s11661-020-057
79-0

8. Bansal GK, Rajinikanth V, Ghosh C, Srivastava VC, Dutta M, Chowdhury SG (2020) Effect of
cooling rate on the evolution of microstructure and mechanical properties of nonisothermally
partitioned steels. Mater Sci Eng A 788, art no. 139614. https://doi.org/10.1016/j.msea.2020.
139614

9. Bansal GK, Pradeep M, Ghosh C, Rajinikanth V, Srivastava VC, Bhagat AN, Kundu S
(2019) Evolution of microstructure in a low-Si micro-alloyed steel processed through one-
step quenching and partitioning. Metall Mater Trans A 50:547–555. https://doi.org/10.1007/
s11661-018-5039-8

10. LeeY-K,Han J (2015) Current opinion inmediummanganese steel.Mater Sci Technol 31:843–
856. https://doi.org/10.1179/1743284714Y.0000000722

11. Zackay VF, Parker ER, Fahr D, Busch R (1967) The enhancement of ductility in high-strength
steels. ASM Trans Quart 60(2):252

12. Emmanuel DM, David KM, Speer JG, Matthew JM (2011) Austenite stabilization through
manganese enrichment. Scripta Mater 64:185–188. https://doi.org/10.1016/j.scriptamat.2010.
09.040

13. Andersson JO, Helander T, Hoglund L, Shi PF, Sundman B (2002) Thermo-Calc and
DICTRA, computational tools for materials science. Calphad 26:273–312. https://doi.org/10.
1016/S0364-5916(02)00037-8

14. Mahieu J, Maki J (2002) Phase transformation and mechanical properties of si-free CMnAl
transformation induced plasticity-aided steel. Metall Mater Trans A 33:2573. https://doi.org/
10.1007/s11661-002-0378-9

15. Koistinen DP, Marburger RE (1959) A general equation prescribing the extent of the austenite-
martensite transformation in pure iron-carbon alloys and plain carbon steels. ActaMetall 7:59–
60. https://doi.org/10.1016/0001-6160(59)90170-1

16. Kim JK, Kim JH, Suh DW (2019) Partially-recrystallized ferrite grains and multiple plasticity
enhancing mechanisms in a medium Mn steel. Mater Charact 15:109812.https://doi.org/10.
1016/j.matchar.2019.109812

17. El-Danaf E, Kalidindi, Doherty SR (1999) Influence of grain size and stacking-fault energy on
deformation twinning in fcc metals. Metall. Mater Trans A 30A:1223–33. https://doi.org/10.
1007/s11661-999-0272-9

18. Curtze S, Kuokkala V (2010) Dependence of tensile deformation behavior of TWIP steels on
stacking fault energy, temperature and strain rate. Acta Mater 58:5129–5141. https://doi.org/
10.1016/j.actamat.2010.05.049

19. AllainS,Chateau JP,BouazizO,Migot S,GueltonN (2004)Correlations between the calculated
stacking fault energy and the plasticity mechanisms in Fe–Mn–C alloys. Mater Sci Eng A
387–389:158–162. https://doi.org/10.1016/j.msea.2004.01.059

20. LeeY-K (2012)Microstructural evolution during plastic deformation of twinning-induced plas-
ticity steels. Scripta Mater 66:1002–1006. https://doi.org/10.1016/j.scriptamat.2011.12.016

https://doi.org/10.1016/j.msea.2019.138458
https://doi.org/10.1016/j.msea.2018.07.055
https://doi.org/10.1007/s11661-018-4677-1
https://doi.org/10.1007/s11661-020-05779-0
https://doi.org/10.1016/j.msea.2020.139614
https://doi.org/10.1007/s11661-018-5039-8
https://doi.org/10.1179/1743284714Y.0000000722
https://doi.org/10.1016/j.scriptamat.2010.09.040
https://doi.org/10.1016/S0364-5916(02)00037-8
https://doi.org/10.1007/s11661-002-0378-9
https://doi.org/10.1016/0001-6160(59)90170-1
https://doi.org/10.1016/j.matchar.2019.109812
https://doi.org/10.1007/s11661-999-0272-9
https://doi.org/10.1016/j.actamat.2010.05.049
https://doi.org/10.1016/j.msea.2004.01.059
https://doi.org/10.1016/j.scriptamat.2011.12.016


240 A. K. Chandan et al.

21. Sato K, Ichinose M, Hirotsu Y, Inoue Y (1989) Effects of deformation induced phase trans-
formation and twinning on the mechanical properties of austenitic Fe–Mn–Al Alloys ISIJ Int
29:868–77. https://doi.org/10.2355/isijinternational.29.868

22. Cooman BCD, Kwon O, Chin K-G (2012) State-of-the-knowledge on TWIP steel. Mater Sci
Technol 28:513–527. https://doi.org/10.1179/1743284711Y.0000000095

23. XuaHF, Zhaoa J, CaoWQ, Shi J,WangCY,WangC, Li J, DongH (2012)Heat treatment effects
on the microstructure and mechanical properties of a medium manganese steel (0.2C–5Mn).
Mater Sci Eng A 532:435–442. https://doi.org/10.1016/j.msea.2011.11.009

https://doi.org/10.2355/isijinternational.29.868
https://doi.org/10.1179/1743284711Y.0000000095
https://doi.org/10.1016/j.msea.2011.11.009

	Contents
	About the Editors
	 Tribological Behaviour of Carbon Fiber Reinforced Polyester Composites
	1 Introduction
	2 Experimentation Work
	2.1 Selection of Materials
	2.2 Methods Used
	2.3 Hardness Measurement
	2.4 Characterization of CFRP Specimens Using SEM & EDX Analysis

	3 Results and Discussions
	3.1 Wear Analysis
	3.2 SEM & EDX Analysis of PI, PII, PIII and PIV Carbon Fiber Reinforced Polyester (CFRP) Composites
	3.3 Hardness

	4 Conclusions
	References

	 Tribological Behaviour of Silicon Carbide Reinforced AA2024 Composites
	1 Introduction
	2 Materials and Methods
	2.1 Material Selection
	2.2 Methods

	3 Results and Discussion
	3.1 Micro Structural Analysis
	3.2 Wear Analysis
	3.3 Corrosion Test
	3.4 Hardness Test

	4 Conclusion
	References

	 Study on the Effect of Heat-Treatment on Microstructure and Corrosion Resistance of 0.6% Carbon Steel
	1 Introduction
	2 Methodology
	3 Results and Discussions
	4 Conclusions
	References

	 Investigation of the Degreasing Process to Improve Adhesion Between Oxidized Galvannealed Coating and Electroplated Nickel
	1 Introduction
	2 Experimental
	2.1 As-Received Coated Substrate
	2.2 Experimental Procedure:
	2.3 Surface Preparation of GA Sheets
	2.4 Ni Plating on GA Steel Sheet
	2.5 Procedure to Check the Ni Coating Adhesion
	2.6 Coating Cross-Section
	2.7 Experimental Parameter Optimised for Ni Coating

	3 Result and Discussion
	3.1 Microstructural Analysis of As-Received Samples: Give Details of Starting Sample
	3.2 Process Optimization of Degreasing
	3.3 Process Optimization of Ni Coating
	3.4 Adhesion

	4 Conclusions
	References

	 Innovation in Optimization of Mixing and Nodulizing Drum for Reducing Energy Consumption at Sinter Plant, Tata Steel
	1 Introduction
	2 Experimental Procedures
	2.1 Sampling
	2.2 Drying Time Temperature Curves for Base Mix and Green Mix
	2.3 Determination of Granulation Index (GI) of Green Mix
	2.4 Installation of Variable-Voltage/variable-Frequency (VVVF) Drive in MND at SP3
	2.5 Measurement of Reduction Degradation Index (RDI) and Tumbler Index (TI) of Product Sinter

	3 Results and Discussion
	4 Conclusions
	References

	 Investigation of the Selective Oxidation Process for High Strength Steels
	1 Introduction
	2 Numerical Model of Oxide Formation Kinetics
	2.1 Numerical Algorithm and Boundary Condition
	2.2 Numerical Solution

	3 Experiment
	4 Results and Discussions
	4.1 Simulation Results
	4.2 Oxidation Kinetics

	5 Conclusion
	References

	 Microstructure Evolution in Medium Mn, High Al Low-Density Steel During Different Continuous Cooling Regimes
	1 Introduction
	2 Materials and Methods
	3 Results and Discussion
	3.1 Thermodynamic Analysis
	3.2 As-Forged Microstructure
	3.3 Microstructure Evolution During Different Continuous Cooling Regimes

	4 Conclusion
	References

	 Phonon Dynamics and Collective Excitations in Cu60Zr20Hf10Ti10 Bulk Metallic Glass
	1 Introduction
	2 Computational Methodology
	3 Results and Discussion
	4 Conclusion
	References

	 Microstructure and Texture Study of High Temperature Upset Forged 304LN Stainless Steel
	1 Introduction
	2 Experimental Details
	2.1 Compression Test
	2.2 Characterization

	3 Results and Discussions
	3.1 Microstructure
	3.2 Formation of δ Ferrite
	3.3 Grain Boundary Character Distributions
	3.4 Texture Evolutions

	4 Summary and Conclusions
	References

	 Sol-gel Preparation and Characterization of ZnCaAl2O4 Composite Nanoparticles
	1 Introduction
	2 Experimental Details
	3 Results and Discussion
	4 Conclusions
	References

	 Effect of Surface Pockets on the Performance of Journal Bearings
	1 Introduction
	2 Mathematical Model
	3 Computational Procedure
	3.1 Boundary Conditions

	4 Results and Discussions
	5 Conclusions
	References

	 Effect of Tin as Alloying Element on Grey Iron Automobile Casting
	1 Introduction
	2 Experimental Procedure
	2.1 Metal and Samples Preparation
	2.2 Sample Preparation for Microstructural Properties
	2.3 Mechanical Properties Testing Procedure

	3 Results and Discussions
	3.1 Microstructural Properties
	3.2 Mechanical Properties

	4 Conclusions
	References

	 Influence of Roll Wear in Hot Rolling of Steel at Hot Strip Mills
	1 Introduction
	2 Roll Wear in HSM
	2.1 Rolls Used in HSM
	2.2 Wear of Work Rolls in HSM
	2.3 Selected Parameters Affecting Roll Wear

	3 Experimental
	3.1 Study on Campaign Size of Rolling
	3.2 Study on Roll Consumption
	3.3 Study on Surface Quality of HR Coils

	4 Results and Discussion
	4.1 Effect of Roll Wear on Campaign Size of Rolling
	4.2 Effect of Roll Wear on Roll Consumption
	4.3 Effect of Roll Wear on Surface Quality of HR Coils

	5 Conclusions
	References

	 Tribological Performance of Heat Treated 0.6% C Steel
	1 Introduction
	2 Methodology
	3 Results and Discussions
	4 Conclusions
	References

	 Improvement in Adhesion of Electroless Coating on Plastic Substrates: A Review
	1 Introduction
	2 Basic Conditions for Electroless Coating on Plastic Substrate
	3 Methods for Enhancing Adhesion of Electroless Coating on Plastic Substrate
	4 Conclusions
	References

	 Computational Analysis of the Effect of Boron and Nitrogen Dopants on the Mechanical Properties of Graphene with Single Vacancy Defects
	1 Introduction
	2 Molecular Dynamics Simulation
	2.1 Methodology
	2.2 Molecular Model of Graphene
	2.3 Interatomic Potentials
	2.4 Computation of Mechanical Properties

	3 Results and Discussion
	3.1 Fracture Process
	3.2 Fracture Strength
	3.3 Fracture Strain
	3.4 Young’s Modulus
	3.5 Validation of Results

	4 Conclusions
	Appendix 1
	Appendix 2: Defect and Dopant Distributions Across the Graphene sheet
	References

	 An Innovative Slag Engineering Approach for Improving De-Sulphurisation Efficiency in Silicon Killed Steels
	1 Introduction
	2 Theoretical Considerations
	2.1 Effects of Sulphur on Steel
	2.2 Thermodynamics and Kinetics of Desulphurisation
	2.3 Sulphide Capacity of Slag
	2.4 Viscosity of Ladle Top Slag

	3 Conventional Industrial Practice
	4 Experimentation
	4.1 Identification of Critical Factors Affecting De-S
	4.2 Plant Trials with Modified Practice

	5 Result and Discussion
	6 Conclusions
	References

	 Medium Manganese Steel: Revealing the High Sensitivity of Microstructure and Mechanical Properties on Intercritical Annealing Temperature and Time
	1 Introduction
	2 Results and Discussion
	2.1 Effect of Intercritical Temperature
	2.2 Influence of Intercritical Annealing Time

	3 Concluding Remarks
	References




