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Abstract

Goods and services are produced to satisfy the needs of society. The useful life of the goods
is shortened by corrosion. This fuels the quest for corrosion resistant products. One such
product is archaeological iron like the Delhi iron pillar. The Delhi iron pillar has withstood
corrosion for about 1600 years. Other ancient iron artefacts like Konark temple beams have
withstood marine environment for long periods of time. These were made by iron produced
by a sinter-forge technique using charcoal. Ancient iron relied on high phosphorous content
for strength and corrosion resistance. The artefact developed a passive film in wet dry
conditions, which protected it from further environmental damage. If high phosphorous steel
is produced through the melt route using coke, it exhibits cold shortness. This brittle
behaviour is caused due to grain boundary segregation of phosphorous. Therefore, if ductile
and tough high phosphorous steels could be produced using the modern iron and steel making
methods, the cost of corrosion to society could be reduced to a great extent.

The present work is an attempt towards the achievement of the aforesaid goal. The thesis is
divided into six chapters. The first chapter contains the introduction. The second chapter
contains the details of the literature survey. The third chapter contains the experimental
details of the work done. The fourth chapter contains the results of the experiments and
discussions related to the findings. The fifth chapter contains the summary of the work done
and the conclusions. The sixth chapter deliberates upon the suggestions for future work.

In order to improve the ductility and toughness of high phosphorous a combination of
alloying elements, heat treatment and thermo-mechanical processing can be used. The
alloying elements can be chosen out of carbon, silicon, nickel, nitrogen, boron, and
molybdenum. The heat treatment temperatures can be chosen from the (o+y) region of the
equilibrium phase diagram. Thermo-mechanical processing includes rolling and forging in

the present context.

The alloying elements of carbon and nitrogen improve grain boundary cohesion by
displacing phosphorous from the grain boundaries. Silicon reduces the ductile brittle
transition temperature of high phosphorus steels. Heat treatment in the intercritical region of
ferrite + austenite for long periods of time causes a partitioning of alloying elements between
austenite and ferrite at high temperatures. The partitioning is retained at lower temperatures.

Phosphorous is concentrated in the ferrite grain interiors and carbon and nitrogen are retained



near the grain boundaries. The partitioning of the alloying elements is more effective when
the material is subjected to thermo-mechanical processing like forging or rolling. Grain

refinement is an added advantage when the material is thermo-mechanically processed.

A set of high phosphorous steel compositions using the aforesaid alloying elements has been
designed, melted and cast in the present endeavour. These compositions were subjected to
dilatometry tests to ascertain the transformation temperatures. The knowledge of the
transformation temperatures has been used to design heat treatments and thermo-mechanical

processing schedules.

The metallographic studies of the steels have been conducted in order to understand the
partitioning of alloying elements like phosphorous and carbon, etc., between the ferrite and
austenite phases during the holding of the high phosphorous steels in the intercritical phase
(aty) field. This understanding of the diffusion behaviour of phosphorous in the (a+y) phase
field has been used to improve the toughness of the high phosphorous steels by removing
phosphorous from the grain boundaries. The results of the metallographic studies were used
to design heat treatments for preparing samples for studies of mechanical properties and

corrosion behaviour.

The mechanical properties of the high phosphorous steels have been studied in five sets. As
cast, hot forged at 1150°C, hot forged at 1150°C and subsequently heat treated at 900°C for
one hour, hot forged at 1150°C and subsequently heat treated at 900°C for six hours, and hot
forged at 900°C and subsequently hot rolled at 900°C for one hour. Tensile, Charpy impact
and Vicker's hardness tests have been conducted. The results were compared with the
mechanical properties of plain carbon steel and the results obtained by other researchers who
studied iron and steel compositions containing phosphorous contents higher than 0.04 wt.%.
The best toughness was observed in the samples hot forged at 1150°C and subsequently heat
treated at 900°C for six hours. This sample was also evaluated for corrosion behaviour

amongst others.

The corrosion behaviour was studied using potentiodynamic polarization and electrochemical
impedance spectroscopy. The samples chosen were annealed samples and that which was hot
forged at 1150°C and subsequently heat treated at 900°C for six hours. The potentiodynamic
polarization and electrochemical impedance spectroscopy studies revealed that the high

phosphorous steels were able to withstand 0.1 wt. % chloride concentration in saturated



Ca(OH)2 solution. Plain carbon steel could withstand only upto 0.06 wt. % chloride

concentration in saturated Ca(OH)2 solution.

The Gleeble 3800 thermo-mechanical simulator was used to subject high phosphorous steel
samples to hot compression at temperatures of 750, 800, 850, 900, 950, 1000, and 1050°C
and strain rates of 10, 1, 0.5, 0.1, 0.01, 0.001 s1. Grain size of high phosphorous steel
samples subjected to hot compression at temperatures of 800, 850, 900, 950, and 1050°C and
strain rates of 10, 1, 0.1, and 0.01 s™* was found out. The results indicated that the grain size
decreased with decrease in deformation temperature and increase in strain rates. Adiabatic
rise in temperatures disturbed the trend.

Processing map (Murty and Rao) has been constructed for high phosphorous steel
composition S1, using samples subjected to hot compression at temperatures of 750, 800,
850, 900, 950, 1000, and 1050°C and strain rates of 10, 1, 0.5, 0.1, 0.01, and 0.001 s™*. The
results have been validated by comparing them with electron microscopic studies. The safe

processing windows for the steel have been found out.
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Chapter 1

INTRODUCTION

11 GENERAL

Corrosion has gained considerable concern over the past many years as it causes premature
failure of the metals and alloys being used in various structural and mechanical applications.
The economic loss due to corrosion is estimated to be about 3% of GDP of developed nations
like USA (Hays, 2016). Industrial plants, machinery, structural reinforcements, shipping,
railways, etc., use iron and steel in one form or the other. Thus, corrosion of iron and steel is

a major problem and of particular interest.

Ancient Indian artefacts like the Delhi iron pillar, Dhar iron pillar and Konark temple iron
hooks and beams, etc., have withstood atmospheric corrosion for hundreds of years. The
atmospheric conditions in India vary considerably from dry desert conditions to wet coastal
conditions. The corrosion resistance of these artefacts is attributed to the presence of high
phosphorous content in the metal. The ancient Indian iron making technique was essentially a
sinter forge technique in which good quality iron ore was reduced using charcoal and the
resulting lump was forged to squeeze out the slag. The product thus obtained had lower
sulphur content than modern iron and steel which uses coke in its manufacturing. When iron
and steel containing high phosphorous is manufactured in the modern furnaces via the melt
route, the material suffers from low toughness. The problem is aggravated further if both
carbon and phosphorous contents are high in the metal. It is for this very reason that the
modern steelmaking industry has been prompted to remove phosphorous during production
itself. If tough high phosphorous steel could be manufactured corrosion related losses would
be mitigated.

In order to eliminate the cold shortness of iron and steel containing high phosphorous
content, the researchers tried to remove phosphorous from the grain boundaries. This was
accomplished by employing alloying addition of any one of these elements - C, N, B, and Si.
Subsequently, the material was subjected to a heat treatment in the (a+y) region so that the
alloying elements could be partitioned between the prior phases of ferrite and austenite. The
austenite phase is formed at the grain boundaries of ferrite during the intercritical heat
treatment. On cooling, the partitioning at higher temperatures is retained at room temperature,

thereby ensuring that phosphorous is not located at the grain boundaries of the ferrite grains.
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This improves the ductility and toughness of the material. Although limited success has been
achieved in improving the ductility and toughness, further improvements are required to
come close to the toughness levels of plain carbon steels. Unless those levels are achieved
high phosphorous steels will never be used by designers.

In the present work, an attempt has been made to improve the toughness of low carbon steels
containing 0.13 wt. % phosphorous which is much higher than that recommended for modern
steels i.e., <0.04 wt. %. The goal here is to design tough and corrosion resistant steels for use
as structural reinforcements. The alloying elements such as carbon, silicon and nitrogen were
chosen to push phosphorous away from the grain boundaries. In order to further improve the
partitioning of phosphorous and other alloying elements between the grain boundaries and
grain interiors, a few thermo-mechanical treatments like hot forging and hot rolling, and heat
treatments at intercritical temperatures have been used. Using a combination of hot forging
and subsequent heat treatments at intercritical temperatures, toughness levels comparable to

plain carbon steel have been achieved.

Corrosion resistance of the prepared high phosphorous steels have also been evaluated and
found to be comparable to plain carbon steels. The strain rates and temperatures leading to
the smallest grains have been identified by utilizing a thermo-mechanical simulator. The

processing window for one high phosphorous steel has been found out.
1.2 OBJECTIVES OF THE STUDY

The overall aim of the proposed research was to improve the ductility and toughness of iron-
phosphorous alloys by alloying them with small amounts of C, Si & N and employing
intercritical heat treatment. In general, the objectives of the present work can be summarized

as follows:

1. To design and prepare high phosphorous steels having good mechanical properties

and corrosion resistance.

2. To develop high phosphorous steels with refined microstructure using thermo-

mechanical processing.

3. To understand the underlying mechanisms of microstructural evolution during

thermo-mechanical processing of high phosphorous steels.
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4. To determine suitable thermo-mechanical processing parameters using deformation

processing maps.

PLAN OF WORK

Based on the objectives of the study, the following work plan was chalked out:

a. Procurement of various materials necessary to carry out the study.

b. Melting and casting of the proposed high phosphorous steels.

c. Understanding the transformation temperatures of the high phosphorous steels by

dilatometry.
d. Forging and rolling of the high phosphorous steels.
e. Heat treatment of the high phosphorous steels.

f. Metallographic study of the high phosphorous steels.

g. Evaluation of mechanical properties (Tensile, impact and hardness) of the high

phosphorous steels.

h. Evaluation of corrosion properties (OCP, LPR, potentiodynamic polarization and EIS)

of the high phosphorous steels.

i. Correlation of thermo-mechanical processing parameters of the high phosphorous

steels with grain refinement and microstructure. Determination of the grain sizes.

j. Determining the safe hot working zones of one high phosphorous steel using

deformation processing maps.



Chapter 2

LITERATURE SURVEY

2.1 IRON PHOSPHOROUS SYSTEM

The overall aim is to develop tough and corrosion resistant high phosphorous steels. Tough
high phosphorous steels can be developed by utilizing alloying elements and working or heat
treating within the (o+y) phase region of the phase diagram. Since the alloying of
phosphorous in steels and the ferrite-austenite duplex phase field is of interest here, the phase

relationships in the Fe-P system need to be studied.
2.1.1 Equilibrium Phase Diagram of the Fe-P System

The phase diagram of the Fe-P system is presented in Fig. 2.1.1. This was ascertained by
Kubaschewski after taking into consideration the findings of previous researchers like Vogel,
Haughton, and Doan et al. (O. Kubaschewski, 1982). The equilibrium phase diagram is
indicated by solid lines. Solid solubility is 4.52 atom % at 1048 °C (Fig. 2.1.1a). The eutectic
point is at 16.9 atom % P. Vogel reported that alpha-iron can assimilate 1.2 atom %
phosphorous at room temperature (R. Vogel, 1929). Modern steelmakers restrict the
phosphorous content to less than 0.04 wt. %. Archaeological iron artefacts have higher
contents (0.05-0.5 wt. % P) of phosphorous (McDonnell, 1989). Ancient Indian (Piccardo et
al., 2004) and European irons (Stewart et al., 2000a) possessed higher phosphorous content.

Vogel established the high temperature gamma loop of the Fe-P phase diagram for low
phosphorous Fe-P alloys (R. Vogel, 1929). This high temperature loop (Fig. 2.1.2) has been
favoured by some researchers over that established by Kubaschewski (Sahoo and
Balasubramaniam, 2007a). The intercritical region is sandwiched between the ferrite and
austenite phase fields in the temperature range 910°C to 1400°C. The maximum solid
solubility of phosphorous in the (at+y) region at about 1150°C is 0.57 wt. % which is lower
than that reported by Kubaschewski. It can be concluded from the phase diagram that

phosphorous is a stabilizer of a-ferrite.

Another attempt to establish the Fe-P phase diagram by taking into account all the findings of
the previous authors and thermodynamic software has been made by Okamoto (Okamoto,
1990). He reports that the solid solubility of phosphorous in a-ferrite is 2.8 wt. % at 1048 °C.
The eutectic point is at 10.2 wt. % P.
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The Fe-P-C ternary system has been studied by Shim et al. (Jae-Hyeok et al., 2000), and

V.Raghavan (Raghavan, 2004). A few ternary sections are displayed as Fig. 2.1.3. The aty

region expands at the expense of y region as the temperature is lowered from 1100 to 800°C.
According to the Fig. 2.1.3e an Fe-P-C alloy having 0.1 wt. % phosphorous and 0.05 wt. %

carbon is situated in the (a+y) region at a temperature of 800°C. Thermocalc™ database can

also be used for drawing phase diagrams of high phosphorous steels and studying

solidification behaviour (Awe et al., 2017).
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2.1.2 Studies on the Microstructure of Fe-P Alloys using Optical Microscope

The phases in single phase alloys are identified on the basis of the contrast created between
the grain interiors and the grain boundaries. Such contrast is brought about by etching the
surface with an etching reagent. Stewart et al., Sahoo and other researchers have used a
special etching reagent for the metallographic study of Fe-P alloys (O. Kubaschewski, 1982),
(R. Vogel, 1929), (Sahoo and Balasubramaniam, 2007b; Stewart et al., 2000a, 2000b). This
special etching reagent was used to differentiate and delineate the ferrite and prior austenite
phases of the high phosphorous alloys. The etchant is known as the Oberhoffer's reagent and
is traditionally used to display microstructural inhomogeneity of phosphorous in iron. The
reagent consists of 500 mL H2O + 30 g FeCl3 + 0.5 g SnCl2 +1 g CuCl, + 500 mL C2HsOH +
50 mL HNOs (Stewart et al., 2000a). Copper (I1) in Oberhoffer's reagent is precipitated first
on low phosphorus regions (Stewart et al., 2000b). Hence, optical observation after etching
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shows that the high phosphorus areas (e.g., ferrite) appear light while those low in

phosphorus (e.g., prior austenite) appear dark due to the precipitated copper.

Stewart et al. conducted metallography studies of Fe-P alloys containing 0.1, 0.2, & 0.38
phosphorous. A few specimens were held in the (at+y) region and then air-cooled or water
quenched. Inhomogeneity in phosphorous content was present in these samples at high
temperatures and the same was maintained after cooling down to room temperatures too. The
prior austenite grains of higher temperatures which transformed to ferrite at room
temperatures appeared dark due to the deposition of copper. Similarly, the prior ferrite grains
appeared bright on being etched with Oberhoffer's reagent.

Nital solution can also be used for studying Fe-P alloys. It attacks the low phosphorous areas
preferentially. This creates a surface relief in the low phosphorous regions on the etched
surface of the alloy. The revealed regions were austenite when held at higher temperatures in
the (a+y) region. The term used to delineate such a condition is 'ghost' structure or ghosting
(Fig. 2.1.2.6) (Stead, 1915). The contrast produced by nital solution is possible due to the
distinct phase boundaries between prior austenite and prior ferrite.

With increasing phosphorus content more ferrite has been formed with finer grains (Li et al.,
2006). Phosphorus promotes Cu.S precipitation in a-Fe instead of in y-Fe and changes the
morphology of Cu,S from plate-like to spherical. The Cu.S sizes are smaller than those in
low phosphorus steel (Liu et al., 2005). In contrast to the straight dislocation segments in the
0.15C steel, tangled and curved dislocations are observed in the phosphorus steel in both the
as-rolled and annealed conditions. A high dislocation density of about two times higher than
that in the 0.15C steel is revealed in the 0.15C-0.1P steel (Yin et al., 2003) .

Fig. 2.1.2.1. Microstructure of Fe-0.29P-0.03C-0.2Si-0.2Mn-0.14Cr alloy; (a) As cast; (b) hot
forged; and etched with 2% nital solution (Mehta and Mishra, 2011)
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Fig. 2.1.2.2. Microstructure of Fe-0.28P-0.14C-0.18Si-0.2Mn-0.15Cr alloy; (c) As cast; (d)
hot forged; and etched with 2% nital solution (Mehta and Mishra, 2011)

Fig. 2.1.2.3. Microstructure of Fe-0.29P-0.23C-0.16Si-0.22Mn-0.16Cr alloy; (e) As cast; (f)
hot forged; and etched with 2% nital solution (Mehta and Mishra, 2011)
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Fig. 2.1.2.4. Microstructure of Fe-0.281P-0.145C-0.182Si-0.206Mn-0.15Cr alloy heat treated
at 800° C for 30 min, normalized and etched with 2% nital solution (Mehta et al., 2010)



Fig. 2.1.2.5. Microstructure of Fe-0.11P-0.08C reinforcement bar steel etched with 2% nital
solution (PF = polygonal ferrite; P = pearlite/carbide) (Panigrahi, 2010a)

Fig. 2.1.2.6. Optical micrographs of Fe-0.3P-0.02C alloy after etching with nital solution,
showing prior austenite regions (indicated by arrows) along the grain boundary (Sahoo and

Balasubramaniam, 2007a)

Figures 2.1.2.1 to 2.1.2.5 show the microstructures of low carbon and high phosphorous
alloys. Pearlite and ferrite are the most common phases found in them. Fig. 2.1.2.6 shows a
typical example of ghosting microstructure. This microstructure is obtained as a result of
variation in the concentration of phosphorous in the material.

2.1.3 Transformations in the Fe-P System

Phosphorous can be removed from the grain boundaries of ferrite if it is displaced away by

carbon. This partitioning of alloying elements requires an understanding of the phase
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transformations and the time required to bring about a partitioning to improve toughness. The
phase morphology during nucleation and growth of ferrite phase transformed from austenite
during cooling, and austenite phase transformed from ferrite during heating has been studied
by earlier authors (R. Vogel, 1929) (Stewart et al., 2000a) and is given below.

2.1.3.1 Partitioning of alloying elements during the formation and growth of y-austenite

from oa-ferrite

The partitioning of alloying elements during the formation and growth of y-austenite from a-
ferrite in Fe-0.2P alloys was studied by Stewart et al. (Stewart et al., 2000a). They heated the
specimens at 972°C for various time periods. Austenite nucleated and grew from the ferrite
grain boundaries as needles and allotriomorphs. Austenite spheroidized and coarsened with
time and an equilibrium dual phase microstructure was developed fully after 24 h.
Phosphorous diffused into ferrite grains and carbon diffused into austenite grains. Similarly,
the transformation of Fe-0.1P was also studied at 935°C for times upto 24 h. Another study
was conducted on Fe-0.11P at 950°C upto 24 h and Fe-0.32P and Fe-0.49P at 1100°C for
times upto 12 h (Sahoo and Balasubramaniam, 2007b). It was found that the phase fractions

were in better agreement with the high temperature loop of Vogel (R. Vogel, 1929).

2.1.3.2 Partitioning of alloying elements during the formation and growth of a-ferrite

from y-austenite

The partitioning of alloying elements during the formation and growth of a-ferrite from y-
austenite was studied by Stewart et al. in Fe-0.2P alloys. The specimen was initially
austenitized at 1100°C for 10 min and then held at 940°C in the (aty) region for varying
times upto 4 h before rapid cooling to room temperature. Ferrite allotriomorphs grew at the
grain boundaries of austenite and thickened with increasing time. Phosphorous diffused into
ferrite grains and out of austenite grains creating the basis of a contrast revealed by

Oberhoffer's reagent. A dual phase microstructure was observed at longer times.
2.1.3.3 Kinetics of diffusion of phosphorous

The partitioning of phosphorous between ferrite and austenite at high temperatures does not
manifest on cooling itself. The alloy should be held or worked in the ferrite-austenite duplex
phase region for longer periods of time. The transformation from austenite to ferrite was
slower than the opposite transformation (Rocquet and Jegaden, 1951). Phosphorous is a

substitutional element (Pickering F.B., 1978). The rate of diffusion of phosphorous in
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austenite is lower than that in ferrite (Stead, 1915). The phosphorous inhomogeneity created
by holding in the dual phase region was removed by heat treating at 900°C for 4 to 24 h
(Stewart et al., 2000a). Short period of heat treatment in dual phase region partitions
phosphorous between the prior phases of austenite and ferrite (Stewart et al., 2000a). This
helps in reducing grain boundary segregation of phosphorous. The frequency factor Do for the
diffusion of phosphorous in ferrite is 7.1X1073 cm?s* for the temperature range 700 - 850°C,
and 2.9 cm?s! for the temperature range 860 - 900°C. The activation energy Q for the
diffusion of phosphorous in ferrite is 167.36 kJ/mol for the temperature range 700 - 850°C,
and 230.12 kJ/mol for the temperature range 860 - 900°C (Askill, 1970).

2.1.4 Use of Dilatometry to study transformations

The transformation of BCC ferrite to FCC austenite is accompanied by a change in volume.
This happens due to the fact that atoms are more closely packed in an FCC lattice as
compared to a BCC lattice. The dilatometer uses the relative change in length of the specimen
to determine the transformation temperature of phase transformations in steel. While cooling
the austenitized specimen Ar: (oty—a) and Ars (y—aty) temperatures can be found by
determining the temperature where the linear thermal expansion deviates from linearity
(Prado et al., 1990). Rocquet et al. (Rocquet and Jegaden, 1951), and Sahoo and
Balasubramaniam (Sahoo et al., 2008) have used dilatometry to study Fe-P alloys.

2.1.5 Effect of alloying elements in wrought Fe-P alloys

The brittleness of phosphorus-containing wrought steel arises due to grain boundary
segregation of phosphorus. The presence of a small amount of alloying elements (C, N, B,
etc.) displaces phosphorus from the grain boundaries. This improves grain boundary cohesion
and enhances ductility and toughness of the material. Nickel reduces the ductile brittle
transition temperature by solution softening effect in Fe-P alloys. Silicon reduces DBTT and
susceptibility to intergranular failure of Fe-P alloys. Molybdenum and Niobium improve

toughness in steels containing phosphorous.

2.1.5.1 Effect of carbon

The presence of a small amount of carbon at the grain boundaries displaces phosphorus from
those areas by a site competition effect (Suzuki et al., 1985)(H Erhart and Grabke, 1981).
Therefore, by a judicious use of carbon in high phosphorous steels, required ductility can be
obtained. Grain boundary segregation of carbon is determined by the concentration of
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dissolved carbon alone, and not by the total carbon (Hansel and Grabke, 1986). The tendency
of grain boundary segregation of carbon is higher because its segregation free energy AG
(=72 kd/mol at 773 K) is much more negative than that of phosphorus (—49 kJ/mol at 773 K)
(Hansel and Grabke, 1986).

2.1.5.2 Effect of nitrogen

The grain boundary concentration of phosphorus decreases when the bulk content of nitrogen
increases. At the same time the nitrogen concentration at the grain boundary increases.
Nitrogen (0.05 wt. %) can expel phosphorus (0.17 wt. %) from the grain boundary sites.
This affects the fracture mode and decreases the percentage of inter granular fracture, hence
decreasing embrittlement (H. Erhart and Grabke, 1981).

2.1.5.3 Effect of boron

The effect of boron on the segregation of phosphorus at the grain boundaries in a high-purity
Fe-0.2 wt. % P alloy has been studied by Auger electron spectroscopy (AES). The
segregation of phosphorus decreases with the increased segregation of boron. Phosphorus
atoms are displaced by boron atoms at the grain boundaries. The effect of boron on the
phosphorus-induced intergranular fracture (IGF) has been examined with impact testing. The
fracture surfaces have been studied with scanning electron microscopy (SEM). Addition of
12.5 wt. ppm boron completely prevents the IGF induced by the segregation of phosphorus
and decreases the ductile-brittle transition temperature (DBTT) by about 170 K when
quenched from 800°C. The aforesaid suppression of the IGF due to the addition of boron is
caused by two mechanisms:

a) Increased grain boundary cohesion of iron is caused by the segregated boron.

b) Decrease in the segregation of phosphorus is caused by the segregation of boron.

The former has been found to be more effective in suppressing the IGF (Liu et al., 1992).

2.1.5.4 Effect of sulfur

Segregation of phosphorus and sulfur to grain boundaries of ultra-low carbon steel (IF-steel)
was investigated by Auger electron spectroscopy (AES) and scanning electron microscopy
(SEM). The segregation Kkinetics of both phosphorus and sulfur while holding at 600°C has
the characteristics of non-equilibrium segregation. Phosphorus and sulfur segregate
competitively at the grain boundaries of iron. This competition appears to be a

thermodynamic effect. Generally, an increase in the activity of one element in solid solution
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increases its concentration at the grain boundary which in turn decreases the concentration of
the other element at the grain boundary (Briant, 1988)(Zhang et al., 2000).

2.1.5.5 Effect of nickel

The degree of phosphorus segregation and the grain size are independent of the bulk nickel
concentration (0.23-0.95 wt. %). A decrease in susceptibility to intergranular fracture and
hence ductile to brittle transition temperature is observed only when the solution-softening
effect of nickel is present (Saito et al., 1988). The addition of nickel to Fe-P alloys decreases
the ductile brittle transition temperature as determined by Charpy impact test. The decrease in

DBTT means a decrease in the susceptibility of the alloys to IGF.

2.1.5.6 Effect of chromium

Chromium reduces intergranular fracture in Fe-P alloys containing carbon within its
solubility limit, and enhances intergranular fracture in alloys containing carbon above its
solubility limit (Liu et al., 1994). Chromium is believed to improve grain boundary cohesion
by segregating to grain boundaries and/or by reducing the deleterious effect of phosphorus,
owing to the attractive interaction between the segregated chromium and phosphorus (Liu et
al., 1994).

2.1.5.7 Effect of manganese

Mn decreases the activity and solubility of carbon. This decreases the effect of carbon which
competes with phosphorous for the sites at the grain boundaries. The grain boundary
segregation of phosphorous increases with increasing manganese content, in alloys
containing manganese and carbon. Mn itself segregates to the grain boundaries and this may
also cause a certain embrittlement. The diffusivity of phosphorous is accelerated by
manganese as an alloying element in ferrite. Phosphorous can thus, diffuse faster to the grain
boundaries in high manganese steels during cooling in the critical temperature range of 600 to
400°C after tempering (Hennesen et al., 1987).

2.1.5.8 Effect of vanadium

The influence of vanadium on grain boundary segregation of phosphorus has been studied in
iron and iron-carbon alloys by means of fracture experiments in a scanning Auger
microprobe. It is found that the principal determining factor in the scavenging or retardation
of migration of phosphorus to the grain boundaries is whether vanadium is present in the

combined form (say, carbide) or is available in solid solution form. When vanadium is
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present in solid solution form, grain boundary segregation of phosphorus is low due to the
chemical interaction of vanadium and phosphorus. However, as carbon is increasingly
introduced into the alloy, vanadium now preferentially reacts with carbon in view of higher
interaction for carbon as compared to phosphorus. A consequence of this is the increase in the

grain boundary concentration of phosphorus (Misra, 1991).

2.1.5.9 Effect of silicon

The grain boundary segregation of solutes has been investigated in high purity Fe-Si-P alloys.
Solutes were dissolved, and the specimens were heat-treated within the alpha phase region.
The segregation of P was reduced by the addition of Si, and vice versa. Addition of 0.5 wt. %
Si reduced the ductile-brittle transition temperature as determined by small scale Charpy
impact test by approx. 100 K, and the fracture mode changed from intergranular to
transgranular (Liu et al., 1989).

2.1.5.10 Effect of molybdenum

The effect of molybdenum could be that of co-segregation with carbon; causing carbon-
induced enhancement of cohesion which would offset the embrittling effect of phosphorous
(Menyhard and McMahon, 1989). Molybdenum prevents the diffusion transfer of phosphorus
in the bulk of the ferrite grains and slows down the enrichment of the former austenite grain
boundaries in phosphorus thus inhibiting reversible temper brittleness (Gruzin and Mural,
1969). For a given amount of P grain boundary segregation the grain boundary strength
increases with increasing Mo or W grain boundary segregation and decreases with increasing
Mn grain boundary segregation (Lee et al., 1984).

2.1.5.11 Effect of niobium

During the coiling stage of the thermo-mechanical processing of Ti-stabilized interstitial-free
steels, P segregates to the ferrite grain boundaries. The addition of Nb decreased the
segregation of P in the as-coiled condition. Presence of Nb on the ferrite grain boundaries is
believed to increase the grain boundary cohesion (Rege et al., 2000).

Thus, carbon, nitrogen, boron, sulfur and vanadium reduce grain boundary segregation of
phosphorous. Nickel and molybdenum too reduce the brittleness. Manganese (> 0.2 wt. %)

should be avoided in phosphorous steels.
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2.1.6 Phosphorous Alloying in Iron
Although some researchers have highlighted the problematic aspects of phosphorous alloyed

in iron others have pointed out the positive effects attributable to it.

Stead (Stead, 1915) reported that many prominent metallurgists viewed phosphorous as a
treacherous impurity since it causes marked work-hardening and hence brittleness in steel
during cold working (Abiko et al., 1982). Phosphorous segregates to the grain boundaries of
iron and causes brittleness (Stewart et al., 2000c), (Hansel and Grabke, 1986; Inman and
Tipler, 1958), (Menyhard, 1992). Phosphorous segregates to the grain boundaries and reduces
grain boundary cohesion thus causing intergranular failure (Hansel and Grabke, 1986),
(Inman and Tipler, 1958), (Menyhard, 1992). Due to this phosphorous content is usually
controlled to 0.04 wt. % in contemporary steels (Boyer and Gall, 1990)(Gouthama and
Balasubramaniam, 2003). Archaeological phosphoric irons generally contain 0.05-0.5 wt. %
P (McDonnell, 1989)(Gouthama and Balasubramaniam, 2003). Phosphorous in irons reduces
ductility during prolonged exposure of steel in the temperature range 250-600°C (Briant and
Banerji, 1982), (Horn and Ritchie, 1978), (Capus and Meyer, 1963), (Capus and Meyer,
1960), (Briant and Banerji, 1982), (Briant and Banerji, 1979). Phosphorous increases the
ductile to brittle transition temperature of steel (Goodway and Fisher, 1988), (Capus and
Meyer, 1963). Phosphorous increases the flow stress promoting cleavage fracture (Yu-Qing
and McMahon, 1987).

Other researchers have highlighted the benefits of alloying iron with phosphorous.
Phosphorous does not render the iron ‘hot short’ or brittle at high temperatures (Gouthama
and Balasubramaniam, 2003). Phosphorous has a marked solid solution strengthening effect
in ferrite which is of the same order as the interstitial elements, carbon and nitrogen (Allen,
1963), (Clarke and Mclvor, 1989). Hopkins et al. (Hopkins and Tipler, 1958) found that the
tensile properties and ductile brittle transition temperature of Fe-P alloys containing small
amount of carbon (0.05 wt. % C) were similar to that of Fe-0.15 wt. % C alloys. The presence
of carbon improves grain boundary cohesion (Abiko et al., 1982). The presence of small
amount of carbon displaces phosphorous from grain boundaries by site competition effect
(De Avillez and Rios, 1983; Hansel and Grabke, 1986; Menyhard, 1992), (Stewart et al.,
2000c). Therefore, required ductility and toughness can be obtained by proper selection of the
carbon content in phosphoric irons and by suitable soaking at high temperature of the (a+y)
dual phase region in the Fe-P phase diagram (Suzuki et al., 1985), (Gouthama and

16



Balasubramaniam, 2003). The alloy design of ductile Fe-P alloys calls for avoiding P
segregation to the grain boundaries by precipitating austenite allotriomorphs, by utilizing a
critical amount of carbon to segregate carbon or precipitate carbide at grain boundaries and
by precipitating some of the P in solid solution in the form of fine coherent phosphide

precipitates (Gouthama and Balasubramaniam, 2003).

Thus, phosphorous increases strength and ductile brittle transition temperature while
decreasing the ductility of iron. Addition of carbon, nitrogen, boron, silicon, etc as alloying
additions and heat treatment in the dual phase region improve its ductility and toughness.

This is brought about by removing phosphorous from the grain boundaries.

2.1.7 Effect of Phosphorous on the Mechanical Behaviour of Steel

If low alloy steel containing phosphorous is heated in the temperature range of 300 to 450 °C,
there is loss in toughness which is called temper embrittlement. This can be avoided by
cooling the specimen quickly in the range 300-450 °C. Phosphorous, arsenic, antimony or tin
segregate to the grain boundaries and reduce the cohesive energy leading to temper
embrittlement in steel (Mulford et al., 1976; Woodfine, 1953a, 1953b)(ISO 898-1, 2013).
Above certain concentrations molybdenum, vanadium and tungsten cause embrittlement in
steel (Guttmann, 1980). Phosphorous promotes cold shortness or brittleness during cold
working (Goodway and Fisher, 1988). Addition of 0.01 wt. % phosphorous raises the ductile
to brittle transformation temperature by 7°C (Rinebolt and Harris, 1951). In case the DBTT

falls above the cold working temperature, the steel shall become brittle.

The atomic radius of phosphorous is 0.11 nm and that of iron is 0.124 nm. Thus, when
phosphorous atom substitutes an iron atom in the lattice distortion of the lattice, it causes an
increase in strength and decrease in ductility. Thus, phosphorous causes solid solution
strengthening in iron which is the largest observed for substitutional solutes (Spitzig, 1972),
(W. A. Spitzig and Sober, 1977; W.A. Spitzig and Sober, 1977), (Spitzig, 1974). The
addition of 0.05 to 0.1 wt. % P causes an increase in yield strength of low carbon steel by 40-
50% without affecting the transition temperature (Spitzig, 1972). Low carbon phosphoric iron
(0.15 wt. % P) was used to produce music wire in musical instruments in ancient times
(Goodway, 1993), (Goodway and Fisher, 1988). Automobile steel sheets containing about
0.01 wt. % carbon have been strengthened by using ~0.1 wt. % P (Hu, 1976)(Hu, 1979).
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The toughness of steel is determined by Charpy impact test. Addition of either carbon or
phosphorous to iron increases the ductile to brittle transition temperature. The addition of
manganese lowers it and thus counteracts the effect of carbon. Manganese should be three
times the concentration of carbon in mild steel in order to attain satisfactory notch toughness
(Rinebolt and Harris, 1951). Hopkins et al. found that phosphorous weakened the grain
boundaries and that this could be remedied by adding 0.05 wt. % carbon (Hopkins and Tipler,
1958). Other researchers found that optimum carbon concentration for achieving ductile
failures was 0.01 wt. % (Abiko et al., 1982), (Suzuki et al., 1985). The harmful effect of TiN
particles and MnS inclusions on impact toughness and ductile brittle transition temperature
(DBTT) can be remedied by refining the grain size and restricting the intensity of low-angle
boundaries (Modak et al., 2016).

Stewart et al. found that a specimen of Fe-0.37P alloy heated in the ferritic region failed in a
fully brittle manner and another specimen of Fe-0.37P alloy heated in the dual phase region
failed in a ductile manner. The improvement in ductility was ascribed to the formation of
austenite at the grain boundaries of ferrite. The grain boundary segregation of phosphorous in
austenite decreases since the solubility of phosphorous is low in austenite. Conversely,
carbon being an austenite stabilizer gets concentrated at the grain boundary. The effect of
phosphorous on the tensile and notch-impact properties of high-purity iron and iron-carbon
alloys is listed in Table 2.1.8.1.

Table 2.1.8.1: Effect of phosphorous on the tensile and notch-impact properties of high-purity

iron and iron-carbon alloys

Material YS, UTsS, | El, | DBTT, Heat Ref.
MPa [ MPa | % °C Treatment

Fe-0.12C-0.087P-0.4Mn | 323 432 26 |-70 950°C, (Josefsson,
-0.015N Air cool 1954)

Sample size for Impact test 10x10x55mm
Fe 103 | 241 56 | -10 950°C, (Hopkins and
Fe-0.05P 110 [255 |55 |[-13 Air cool Tipler, 1958)
Fe-0.1P 124 262 45 |20
Fe-0.15P 152 290 43 |60
Fe-0.3P 207 345 42 155
Fe -0.05C 124 262 54 |70
Fe-0.05C-0.05P 152 [296 |52 |50
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Fe-0.05C-0.1P 180 (324 |50 |63
Fe-0.05C-0.15P 207 345 |46 |78
Fe-0.15C 152 (303 |50 |67
Fe-0.15C-0.05P 180 (331 |38 |48
Fe-0.15C-0.1P 193 359 44 |51
Fe-0.15C-0.15P 207 386 |44 |59
Fe-0.05P-0.15C-0.5Mn | 193 | 359 |44 |40
Compression strength | Sample size for Impact test 5x10x55 mm
Fe-0.05P 220 - - | -38 Heats treated | (Spitzig, 1972)
Fe-0.1P 240 - - | -38 in  evacuated
Fe-0.2P 265 - - 14 vycor
Fo06P 200 - . ETT: capsules;
brine quench.
Sample size for Impact test 5x10x55 mm
0.1C, 1.0 Mn 210 | 460 - -25 Normalized at | (W. A. Spitzig
0.1C, 1.0 Mn-0.05P 230 | 485 - -16 925°C for 1.2 | and Sober,
0.1C, 1.0 Mn-0.1 P 280 | 525 | - 20 h. 1977)
0.1C,1.0 Mn-0.2P 310 610 - 60
Sample size for Impact test 4x4x55 mm
Fe-0.2P 450 - - 95 Quenched at (Saito et al.,
Fe-0.2P-0.25Ni 430 - - 84 1373 K and 1988)
Fe-0.2P-0.5Ni 410 - - 75 annealed at
Fe-0.2P-1INi 400 - - 60 973K
Fe-0.006P-0.5 Si-1.3 500 |[900 |26 - Intercritical (Chen et al.,
Mn-0.18 C anneal for 1- 1989)
Fe-0.07P-0.5 Si-1.5 Mn- | 450 740 35 - 7.5 min, hold
0.12C at673-723 K
Fe-0.2P-05Si-1L.5Mn- | 475 | 645 |27 - for 1-5 min
0.14C
Sample size for Impact test 4x4x55 mm
Fe-0.2P 355 - - 147 Quench to (Liu et al,
Fe-0.2P-1Cr 356 - - 127 273 K after 1994)
Fe-0.2P-2Cr 380 - - 115 annealing at
Fe-0.2P-0.016C - - - -42 1073 K for 1
Fe-0.2P-2Cr-0.016C - - - -43 h
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Fe-0.1 P-0.013C 200 | 340 |45 - Heat at 1100°C | (Stewart et al.,
Fe-0.2 P-0.004C 210 |[360 |47 - for 4 days; 2000c)
Fe-0.37 P-0.003C 250 [400 |43 - water quench.
Fe-0.38 P-0.01C 253 405 |44 -

Sample size for Impact test 5x10x55mm
Fe-0.17C-0.093P- - - - |4 TMT (Panigrahi and
0.99Mn-0.017S Jain, 2002)
Fe-0.14C-0.092P- 605 |[698 |19 |1
0.93Mn-0.029S
Fe-0.077C-0.11P- 428 539 25 | -20 (Panigrahi,
0.59Mn-0.023S 2010a)
Fe-0.11P-0.028C 325 | 425 35 - Soak at (Sahoo and
Fe-0.32P-0.026C 440 | 575 |26 - 1150°Ciin Balasubramani
Fe-0.49P-0.022C 550 |[580 |4 - (aty); forge am, 2007a)
Fe-0.3P-0.03C-0.2Si- 468 | 593 25 - Hot forged (Mehta  and
0.2Mn twice, 1150°C | Mishra, 2011)
Fe-0.3P-0.15C-0.2Si- 471 618 24 -
0.2Mn
Fe-0.3P-0.24C-0.2Si- 520 706 25 -
0.2Mn
Fe-0.15C-0.15P-0.2Cu- | 315 460 20 - (ASTM A242-
0.1Mn 04, 2001)

The fracture surface of the 0.1 wt. % P annealed alloy is totally transgranular. Fracture
initiates at the weakened grain boundaries, however, when the boundary is inherently
bending, for instance due to lamellae of cementite, the fracture occurs along the planes of
cementite. At the carbide-matrix interface the phosphorus concentration is about half that at
the grain boundary (Yendrzhievsky and Klimkin, 1994). Therefore, an optimum amount of
carbon should be added to the alloy to ensure that the amount of carbide is low enough to
avoid crack propagation along the cementite planes.

2.1.8 Advantages of Phosphorus in Ingot Metallurgy

Phosphorus is a very effective alloying element in ingot iron because of its following

features:
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1. It improves corrosion resistance of steel in coastal regions (Kreyser and Eckermann,
1992).

2. Effectively strengthens ferrite phase (next only to carbon and nitrogen) by

substitutional solid solution strengthening mechanism (Renavikar, 2003).

3. P also segregates to the ferrite grain boundaries and hence brings about strengthening
by grain boundary hardening (Renavikar, 2003).

4. It improves wear resistance (Svidunovich et al., 1989) (Sharma et al., 2015).

5. P imparts the highest increase in yield stress per unit wt. pct. added compared to other
substitutional solutes in steel (Gladman, 1997) (Spitzig, 1972).

6. Increase in P increased the fatigue limit of pure iron (Islam et al., 2011).

7. The spot weldability of re-phosphorized steels is comparable with that of carbon
steels, albeit up to 0.1 wt. % P (Sawhill and Baker, 1980).

Hadfield opines that phosphorous has no disastrous effect on the toughness of red-hot metal
when the content does not exceed 0.15 per cent but phosphoritic metal should be finished at a
lower temperature than pure steel, in order to prevent the formation of a crystalline structure
during the cooling (Hadfield, 1889), (Fidler, 1907).

22 EFFECT OF PHOSPHOROUS ON CORROSION RESISTANCE OF IRON
AND IRON-CARBON ALLOYS

2.2.1 Reinforcing Bar

Concrete is reinforced by using reinforcing steel bars or rebars. These are popular in the
construction of bridges, dams, high-rises, fly-overs, etc. There are three main types of rebar
used in the construction industry (Chilton and Roberts, 1980; Harrison, 1977; Martinez et al.,
1995; Panigrahi and Jain, 2002). These include cold twisted deformed rebars, hot rolled
rebars and thermo-mechanically treated rebars. The strength of cold twisted rebar depends on
carbon content due to which higher strength bars had problems with ductility and weldability
(Harrison, 1977). Vanadium (<0.24 wt. %) and/or Niobium (< 0.23 wt. %) are used as
alloying elements to strengthen and toughen hot rolled rebars (Chilton and Roberts, 1980;
Martinez et al., 1995). Thermo-mechanical treatment of the rebar involves online quenching

and self-tempering of the rebar during hot rolling. During quenching the temperature of the
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outer region of the rod falls below the Ms (<400°C) temperature and martensite is formed.
This martensite is tempered by the heat trapped inside the ferrite-pearlite core. Thus, the
microstructure of the bar consists of tempered martensite, bainite, ferrite and pearlite
producing an optimum combination of strength and toughness (Kundu et al., 2004; Panigrahi
and Jain, 2002).

2.2.2 Corrosion of Reinforcement Bars

Corrosion of rebar causes deterioration of reinforced concrete structures. Corrosion can be
either due to carbonation or presence of chloride ions. Chloride ions could be present either in
the raw materials or the service environment. Corrosion renders structures unsafe (Cramer et
al., 2002). Generally, the rebar is in a passive state inside the concrete since the pH level in
the micro-pores of concrete is high. The micro-pores contain a concentrated aqueous solution
of ions in hydrated cement paste. Concrete pores are always moist, except when dried in an
oven (Bertolini et al., 2004).

The passivity of iron rebar in concrete can be understood using the Pourbaix diagram of
Fe-H20 system shown in Fig. 2.2.2.1 (Pourbaix and Zoubov, 1966). The pourbaix diagram
clearly shows that iron corrodes to form ferrous ions when pH is below 5. When pH is
between 5 and 9 iron is passivated at higher potentials by precipitation of Fe203.nH2O. For
pH between 9 and 13 the formation of FesO4 and Fe2Os passivates iron. FesO4 converts to
Fe20s or Fe(OH)s later.

The reactions involved in passivation are

3Fe +4HO0 > Fes0s4+8H" + 8¢~ (2.2.2.1)
2Fe304 + H20 > 3Fe203 + 2H" + 2¢~ (2.2.2.2)
2Fe +3H0 > y-FeoO3+ 6H" + 6e~ (2.2.2.3)

The most likely cathodic reaction in an oxygen starved micro-pore inside concrete could be:
2H,0 + O2 +4e” > 40H (2.2.2.4)

The passive film on iron should consist of the substrate FesO4 and/or the provider of passivity
v-Fe2O3 (Bardwell et al., 1988; Kruger and Calvert, 1967; Ord and DeSmet, 1966). The

passive film formed on iron in concrete pore solution is a form of hydrated Fe.Os i.e.,
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FeOOH which is an oxyhydroxide (Oranowska and Szklarska-Smialowska, 1981),
(Zakroczymski et al., 1985).

2.2.2.1 Breakdown of passive film and pitting corrosion

Reinforcing steel can be corroded by chloride ion contamination in aggregate or water
(Bertolini et al., 2004), de-icing salts (Hara et al., 2005; Jang et al., 1998; Katayamaa et al.,
2004), and marine environments (Alvarez and Galvele, 1984; Hoar, 1967; Janik-Czachor et
al., 1975; Trejo and Monteiro, 2005). Once the passive film is corroded the rebar starts

corroding. The reactions involved are:
Fe(s) > Fe?* (aq) + 2e~ (2.2.2.5)
Fe?* + 2H,0 > Fe(OH), + 2H* (2.2.2.6)

The H* ions raise the pH and give rise to pitting (Pourbaix, 1974) (Brown, 1970).
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Fig. 2.2.2.1. Protection of iron against corrosion (Pourbaix diagram)
2.2.2.2 Chloride threshold for depassivation of reinforcing steel embedded in concrete

A critical amount of chloride concentration is needed to initiate pitting corrosion in

reinforcing steels embedded in concrete. The value of this threshold concentration depends
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on various factors like smoothness of the steel surface, moisture content inside the concrete
micro pores, prevailing temperature, environmental conditions, etc (Alvarez and Galvele,
1984) (Goiii and Andrade, 1990) (Gouda, 1970) (Guilbaud et al., 1994) (Hausmann, 1967)
(Mammoliti et al., 1996) (Moreno et al., 2004) (Vrable and Wilde, 1980).

A few of these factors are listed as follows:

a. Ingredients of cement: Cements with higher tri-calcium aluminate content will be able
to bind more chloride since chlorides react with these ingredients (Bertolini et al.,
2004) (Arya and Xu, 1995; Rasheeduzzafar et al., 1990). Thus, lower tri-calcium

aluminate is detrimental for rebar corrosion.

b. Silica fumes, fly ash and blast furnace slag: Silica fumes, fly ash and ground blast
furnace slag are added to cement to refine the pore size of the concrete. This improves
the resistance to ingress of chloride or sulphate ions (Kayyali and Haque, 1995;
Thomas, 1996).

C. Water-cement ratio: If one increases the water cement ratio, the porosity and hence
permeability of concrete increases (Baweja et al., 1999). This allows greater
penetration of chloride ion and oxygen (Jaegermann, 1990; Kobayashi and Shuttoh,
1991).

d. Relative humidity and exposure temperature: Increasing temperatures raise the rates
of reaction and thus the threshold chloride concentration is lowered (Hussain et al.,
1995). In case of dry concrete, rise in temperatures reduce the solubility of oxygen

and hence the rate of corrosion (L6pez et al., 1993).

e. Availability of moisture and oxygen: Moisture is necessary for providing the
electrolyte for corrosion. Oxygen and water provide hydroxyl ions which are required
to form iron hydroxides. Without oxygen, the rate of corrosion reaction will decrease

and this shall increase the threshold chloride concentration (Andrade et al., 1990).

f. Effect of surface finish: Polished rebar surfaces show lower corrosion rates as

compared to as-received rebars in alkaline electrolytes (Mammoliti et al., 1996).

g. Effect of composition of rebar: Addition of alloying elements like V, Cu, Nb, Cr, Ni,
Ti, and Mo in the range of 0.01 to 5 wt. % is used to improve the corrosion resistance
of iron (Shimada and Sakakibara, 1989; Yoshimura, 1991).
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h. Admixture: Admixtures are added to the mass of concrete before mixing either to

reduce the amount of water requirement or to accelerate the rate of development of

early strength in the concrete or retard the setting time of concrete (O’Neill and Hill,

2008). Admixtures containing chlorides like CaCl> accelerate corrosion.

I. Impurities in raw materials: The threshold chloride concentration required to initiate

pitting depends on the chloride concentration in the mixing water and aggregates used
in concrete (O’Neill and Hill, 2008).

The chloride thresholds for rebars found using potentiodynamic, and open circuit potential

tests are displayed in Table 2.2.2.2.

Table 2.2.2.2: Chloride thresholds for rebars found using potentiodynamic, and open circuit

potential tests

Electrolyte Method of Pitting | Threshold | Threshold Ref.
Testing potential | chloride, chloride,
Esce(mV) M [CIT]/[OH]
Ca(OH), | Measurement of | -50 to -230 0.5-1.08 [ (Hausmann, 1967)
(12.5 pH), OCP
NaCl
Ca(OH)2 | Potentiodynamic | -175, -275, |1 0.5, 1, 3,6 (Vrable and
(12.5 pH) -350, -600 Wilde, 1980)
+ NaCl
Ca(OH)2+ | Potentiodynamic, | -150to 0.1, 0.5, 0.25-0.8 (Goiii and
KOH (12 LPR -300 0.75,1N Andrade, 1990)
to 13.2
pH), NaCl,
CaCl;
Ca(OH): Cyclic +450 to - 1-5% in (Mammoliti et al.,
(12.5 pH) | Potentiodynamic | 250, +500 | solution, 1996)
to -100 3-7% in
solution
Ca(OH), [ Potentiodynamic | 0to+800 | 0.02wt.% | 0.178 for (Moreno et al.,
(12.5 pH), (SHE) chloride in 0% and 2004)
0-0.2% solution 0.89 for
NaCl 0.1% CI~
Ca(OH), | Potentiodynamic | 0to+700 | 0.1 wt. % (Sahoo and
(12.5 pH), Clmin Balasubramaniam,
0-0.14 wit. solution 2008)
% NaCl for Fe-P
alloy
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2.2.2.3 Stages in the process of corrosion of rebars

Corrosion can be uniform or localized. Localized corrosion is generally caused by anions like
chloride, etc. Initiation of corrosion takes place when the chloride content at the surface of

the rebar reaches a critical level. Subsequently, the pit grows.
Model for pitting of rebars:

One group of authors suggests that chloride ion penetrates the passive film before nucleation
of pits (Hoar et al., 1965; Hong et al., 1996; Rosenfeld and Marshakov, 1964). Another group
proposed that pits nucleate after the mechanical breakdown of passive film due to stress and
then propagate due to chloride ions (Hoar, 1949). A third group of authors proposed that
aggressive anions adsorb on the passive film forming soluble metal complexes using the
cations in the oxide film at a constant anodic electrode potential until the metal is exposed
and pitting due to chloride ions starts (Ameer et al., 2004) (Betova et al., 2002) (Bockris et
al., 1961) (Bockris et al., 1971) (Bojinov et al., 1999) (Dallek and Foley, 1976) (Foroulis and
Thubrikar, 1975) (Hoar and Jacob, 1967) (Nagayama and Cohen, 1962) (Szklarska-
Smialowska, 2002).

Smialowska (Szklarska-Smialowska, 2002) concluded that chloride ion is adsorbed on iron
hydroxide and an electron injected into the metal surface. This injection of electrons increases
with increasing anodic polarization voltage. At a certain voltage maximum number of
electrons would be ejected into the passive film and a high local current is created by Zener
mechanism which causes heat leading to expansion of the metal at the metal-film interface.
The passive film breaks down as a result and pits are formed (Szklarska-Smialowska, 2002).

2.2.2.4 Propagation of pits

Corrosion by pitting involves initiation and propagation. The propagation of pits involves the
reaction of iron with chloride ions to form ferrous chloride. The ferrous chloride may be
hydrolysed to form ferrous hydroxide and hydrochloric acid. Hydrochloric acid can dissociate
and supply chloride ions. Hydroxyl ions may also be liberated due to the cathodic reaction of
oxygen. Thus, chloride ions migrate from the bulk to the pit creating a low pH condition.
These ions are also recycled within the pit. Some chlorine is also obtained by the breakdown

of chloro-aluminate complexes from concrete.
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2.2.2.5 Nature of polarization and pitting potential

Threshold chloride concentration is related to a polarized potential known as the pitting
potential. Polarized potentials are different for various threshold chloride concentrations. At
the pitting potential the corrosion current increases drastically. Similarly a dramatic increase
in corrosion current is observed in the trans-passive region attributed to oxidative dissolution
of metal. The increase in current density for iron and carbon steel at high and positive anodic
potentials is due to oxygen evolution and not trans-passive dissolution (Bertolini et al., 2004)
(Moreno et al., 2004) (Pourbaix and Zoubov, 1966). The Fe-H>O pourbaix diagram shows
that iron remains passive at high potentials and pH. Increase in the chloride concentration
causes an increase in the corrosion current density in the transpassive region due to pitting
corrosion (Moreno et al., 2004). As the chloride concentration increases the pitting potential

decreases.
2.2.2.6 Protection methods

The quality of concrete can be improved by optimizing water-cement ratio, proper mixing
and curing of concrete, and keeping the concrete surface free of water. This will ensure
protection of rebars. Nitrite based anodic inhibitors are also used to protect the rebars (Ngala
et al., 2002). Organic inhibitors adsorb on the rebar and inhibit both anodic and cathodic
processes (Nmai, 2004; Nmai et al., 1992). Epoxy coating has also been used successfully for
protecting rebars (Darwin and Scantlebury, 2002; Weyers and Cady, 1987). Zinc coating
provide sacrificial protection to rebars (ASTM A767, 2015). Alloying additions of copper,
chromium, nickel, niobium, vanadium, titanium, etc in small amounts provide corrosion
resistance (Shimada and Sakakibara, 1989; Yoshimura, 1991).

2.2.3 Evaluation of Corrosion Performance of Rebars in Simulated Concrete Pore

Solution

Since inserting electrodes into concrete is tough and diffusion of ions in concrete is slow
giving rise to different pH and ionic composition of the electrolyte near the surface of the
rebar, the determination of polarization curves and hence corrosion rates is difficult.
Therefore, these are determined indirectly, using solutions simulating the concrete pore

solution.
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2.2.3.1 Visual inspection and weight loss

Sahoo et al. studied the corrosion of phosphoric irons containing 0.11, 0.32, and 0.49 wt. %
phosphorous using visual inspection. They used saturated Ca(OH)2 solution with 3.5 wt. %
NaCl for immersing the samples for 300 days and reported that corrosion was initiated on the
60™, 90", 125", and 300" day for mild steel, and the samples having 0.11, 0.32, and 0.49 wt.

% phosphorous, respectively (Sahoo and Balasubramaniam, 2008).

The rust on the corroded samples can be removed; the weight loss measured and the rate of

corrosion calculated using the following formula.

534 xW (mg) (2.2.3.1)

mpy = D(gm/cc)x A(sg.inch)x T (hours)

W is the weight loss, D is the density of the specimen, A is the area of the specimen, and T is

the exposure time.
2.2.3.2 Open circuit potential

Sahoo and Balasubrahmaniam studied the corrosion of phosphoric irons containing 0.11,
0.32, and 0.49 wt. % phosphorous using OCP. They used saturated Ca(OH). solution with
varying amounts of NaCl for immersing the samples and recording the OCP for a week. They
found that the OCP increased and corrosion rate decreased for the phosphoric irons with time
(Sahoo and Balasubramaniam, 2008). The Ecorr decreased with increase in immersion time in
Ca(OH)2 solutions containing chloride ions (Moreno et al., 2004). In general, deaerated
solutions presented lower lcorr values than the corresponding aerated ones (Garces et al.,
2005).

2.2.3.3 Linear polarization resistance (LPR) and Tafel extrapolation method

Polarization methods are much faster experimental techniques as compared to weight loss
estimation. Tafel extrapolation method (Singh et al., 2016) and LPR are two polarization
methods useful in determining corrosion rates. The rate of corrosion can be determined by
directly measuring LPR using as-received or polished steel samples in simulated concrete
pore solutions containing various chloride ion concentrations (Garces et al., 2005; Hope and
Ip, 1987; Lambert et al., 1991; Moreno et al., 2004).
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2.2.3.4 Chloride threshold determination using potentiodynamic polarization curves

Potentiodynamic polarization method is useful in determining the threshold solution
concentration for pitting. Potentiodynamic polarization curves are obtained for rebars in as-
received condition in simulated concrete pore solutions containing various chloride ion
concentrations (ASTM G5 14, 2011). The increase in current in carbon steel is due to pitting
corrosion in pore solution containing chlorides. The pitting potential decreases with an

increase in chloride ion concentration (Sahoo and Balasubramaniam, 2008).

Sahoo and Balasubrahmaniam found that the threshold chloride concentration for pitting
corrosion of phosphoric irons containing 0.11, 0.32, and 0.49 wt. % phosphorous in saturated
Ca(OH), solution with varying amounts of NaCl was 0.1 wt. % chloride (Sahoo and

Balasubramaniam, 2008).
2.2.3.5 Electrochemical impedance spectroscopy (EIS)

The polarization resistance of a specimen is measured using EIS. EIS data can be displayed
as Bode magnitude, Bode phase and Nyquist plots (Walter, 1986) (Tiwari et al., 2012, 2011).
The data provides information about the nature of the passive film which grows on the
surface of the specimen. Increasing immersion time of the specimen in concrete pore solution
containing chloride ions increases the capacitive part which indicates the formation and
thickening of a passive film (Poupard et al., 2004). Decreasing capacitive part indicates

corrosion.

Saremi and Mahallati studied the EIS plots of mild steel in concrete pore solution having
various chloride concentrations (Saremi, M., 2002). They observed that mild steel found a
threshold at [CI"]/[OH"] = 0.6 beyond which pitting would occur.

Sahoo and Balasubrahmaniam studied the corrosion of phosphoric irons containing 0.11,
0.32, and 0.49 wt. % phosphorous in saturated Ca(OH)2 solution with varying amounts of
NaCl using EIS. They found that the pitting damage occurred after 0.1 wt. % chloride ion

concentration in simulated concrete pore solution (Sahoo and Balasubramaniam, 2008).

Upon dipping a metal in a solution, the metal ions enter the solution and in time an electrical
double layer is formed at the metal-solution interface. The current at the metal electrolyte
interface can be modelled as a capacitance as C=qg/V. Here, g represents the charge in the
double layer upon dissolution of the metal. V is the potential at which the sample corrodes
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freely (Sahoo and Balasubramaniam, 2008). If the passive film grows and becomes more
protective with time then the micro-pores present on the film will grow smaller with time and

metal dissolution will decrease. This implies that the capacitance associated with the double

layer will decrease since:

1 (2.2.3.5.1)
2R

Here f is the frequency and R is the resistance. Capacitance can also be related to the film

thickness as follows:

C_ % (2.2.3.5.2)

where d is the thickness of the film, g is the vaccum permittivity and ¢ is the dielectric

constant of the film (Keddam et al., 1987).
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Fig. 2.2.3.5. (a) Circuit; (b) Nyquist plot; (c) Bode plot (Walter, 1986)
By measuring the high and low break point frequencies of the Bode magnitude plots,
capacitance can be calculated. These frequencies are found where the two frequency
independent horizontal parts intersect with the central straight line portion having negative
slope (Walter, 1986) (Fig. 2.2.3.5). The low and high frequencies can be located at the 45°
phase angle too. The capacitance corresponding to high (fn) and low (fi) frequencies can be

calculated as follows:

1
C. = 2.2.35.3
" 24,R, ( )
C L (2.2.3.5.4)
' 24, (R +R)
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Where Ro is the solution resistance and Ry is the polarization resistance. A schematic Nyquist
plot for mild steel in alkaline solution (Saremi, M., 2002) is displayed in Fig. 2.2.3.6. There
are two time constants in the plot. The high frequency arc is associated with the OH™ ion
adsorption on the surface of the steel. The other arc is associated with the passive film and

charge transfer resistance.

*

. o Arcl: adsorption reaction
Arcll: interfacial reaction
Rs: solution resistance
Rad: adsorption resistance
L | Rf: film resistance
y?  Rct: charge transfer resistance
Cl: interfacial reaction capacitance
kR d—Rod—l Rf«Rct | ¢ Cad: adsorption capacitance

Fig. 2.2.3.6. A schematic Nyquist plot for mild steel in alkaline solution

2.2.4 Corrosion of Steel

Iron or steel tend to corrode when exposed to the environment (Fontana, 1987)(Silvermann
and Puyear, 1987). Corrosion depends on pH, concentration of the electrolyte, velocity of the
fluid, temperature and oxidizing power of the solution (Kelly, 1965; Lorbeer and Lorenz,
1980; Stern, 1955). The rate of corrosion depends on the hydrogen ion concentration of the
solution (Silvermann and Puyear, 1987), (Lorbeer and Lorenz, 1980). This dependence can
also be understood using the pourbaix diagram for Fe-H20O system (Pourbaix and Zoubov,
1966). The environment is considered strongly acidic for pH<5, near neutral or marine for
5<pH<9 and strongly basic for pH>9 (Silvermann and Puyear, 1987). The oxides or
hydroxide layer of the metal in near neutral solution (5<pH<9) tend to remain on the surface.
The corrosion rates of different steel samples tested in sea water at Emsworth (a small town
in Hampshire on the south coast of England, near the border of West Sussex), using weight
loss method are presented in Table 2.2.4.1. Increasing the chromium content above 2.5 wt. %
reduces the corrosion rate to very low levels. The lowest corrosion index (1 mpy) was
reported for Cr-Al steel (Hudson and Stanners, 1955). Ni and Mo also reduce corrosion rate

but to a lesser extent than Cr.
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Table 2.2.4.1: Corrosion rate reported by Hudson and Stanners using weight loss method
(Hudson and Stanners, 1955)

Steel specification wt. % of Duration of | Average corrosion
C/Cu/Cr/Mo/Ni/Al immersion rate (mpy)

Carbon steel , 0.1C 2yrand5 yr 2.6
Carbon steel 04C Same 3.1
Cr-Cu steel 1Cr-0.5Cu Same 2.3
Cr-Cu steel 2Cr-0.05Cu Same 1.8
Cr-Cu steel 2.4Cr-0.5Cu Same 15
Cr-Al steel 2.6Cr-0.1Cu Same 1.2
Cr-Al steel 2.6Cr-1.4Cu Same 1.0
Cr-Mo-Ni steel 0.8 Cr-0.5Mo-3Ni Same 2.2
Cr-Mo-Ni steel 3.1 Cr-0.4Mo-0.1Ni Same 1.2

Gadadhar Sahoo and R. Balasubrahmaniam (Gadadhar and Balasubramaniam, 2008) studied
the corrosion properties of phosphoric irons. They investigated the corrosion properties of the
phosphoric irons in marine environment (Table 2.2.4.2). These phosphoric irons were

manufactured using the ingot metallurgy route.

Table 2.2.4.2: The corrosion properties of phosphoric irons in neutral/marine environment
pH 6.8 (Gadadhar and Balasubramaniam, 2008)

o P C Fe lcorr | Corrosion Rate
&% wt. % | wt. % (MA) (mpy)

1 | 011 | 0.02 |Balance| 19 9

2 | 032 | 0.02 |Balance| 13 6

3 | 049 | 0.02 |Balance| 13 6

In the case of 3.5 wt. % NaCl solution, the diffusion-controlled oxygen reduction reaction is
the dominant reaction at Ecorr (Flitt and Schweinsberg, 2005). The corrosion rate of pure iron
is 12 mpy as obtained by the Tafel extrapolation method after 24 h of immersion in unstirred,
air saturated 3.5 wt. % NaCl solution (McCafferty, 2005).
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Potentiodynamic polarization curves exhibited stable passive behaviour of phosphoric irons,
when compared to normal steel. The threshold chloride for initiation of pitting in simulated
concrete pore solution was estimated to be 0.1 wt. % CI™ for phosphoric iron while that for
mild steel it was 0.06 wt. %. EIS studies indicated that the nature of the passive film
improved and passive film thickened with increasing time of immersion in case of phosphoric

irons (Sahoo and Balasubramaniam, 2008).

The surfaces of rusts formed on cast strips containing high phosphorous contents (0.15 wt. %
P and 0.26 wt. % P) were more homogeneous and compact than that on the 0.08 wt. % P
strip; and average thickness of rust layer of the former was less than 60% of that of the latter
after 120 dry and wet cycles. The P enrichment (compact and steady phosphate) at the
interface between rust layer and substrate for strips containing high phosphorous contents,
was responsible for the improvement of weathering resistance by resisting corrosive agents
from further penetrating the substrate (Zhou et al., 2009). In acid sulphate or sulphide
solutions, phosphorus increases the hydrogen activity, which is later decreased due to scale
formation. Phosphorus lowers the iron dissolution reaction but the corrosion rate is increased
(Riecke et al., 1987). According to the ternary Fe-P-O phase diagram, the critical P
concentration required for the formation of a protective phosphate layer in steel should be
greater than 0.24 wt. % (Liu et al., 2010).

The passive range in hot nitrate solutions is short for high phosphorous concentrations, since
the activation potential (Flade-Potential) is higher for high phosphorus content. It is 250 mV
(SHE) for pure iron and 880 mV (SHE) for Fe-1P. The current densities in the passive range
increase with increasing phosphorus content of the alloy; the passive current density is 5x10~
mA cm2 for pure iron and 2x10° mA cm2 for Fe-1P (Kiipper et al., 1981).

2.2.5 Hot Compression

Hot compression test is carried out at high temperatures using a thermo-mechanical
simulator. It is generally used to determine the parameters for safe hot forming of the
material. Thermo-mechanical simulator can be effectively utilized for simulating a wide
range of metallurgical processes, leading to improvement in processing of difficult to process

steels, process optimization, as well as improvement in the product quality (Kumar, 2015).
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Fig. 2.2.5.1. Typical flow curves during hot and cold deformation

During cold deformation the curve shows strain hardening. During hot deformation, the shape
of the true stress-true strain curve can display either dynamic recovery (DRV) or dynamic
recrystallization (DRX) (Fig. 2.2.5.1). The flow stress saturates after an initial period of work
hardening in a typical dynamic recovery curve. DRV is more prevalent in high stacking fault
energy (SFE) metals like aluminium and low carbon ferritic steel, etc (Verlinden et al., 2007).
DRX (Cho et al., 2001; Wang et al., 2012) is accompanied by one or multiple broad peaks.
During DRV, the original grains are progressively strained yet the sub-structure re-adjusts
continuously to the increasing strain and the remains equi-axed (Fig. 2.2.5.2.a). During DRX
of low SFE metals like copper and austenitic stainless steels, DRV is slow resulting in an
increase in stored energy. At a critical strain dynamically recrystallized grains are formed at
the original grain boundaries. This is called a necklace structure. Further deformation causes
more nuclei to form new recrystallized grains. The new grains are also subjected to
deformation on further straining. Then a dynamic equilibrium between hardening due to high
dislocation density and softening due to DRX is established at the plateau of the curve (Fig.
2.2.5.2.b). The microstructure here consists of a dynamic mixture of grains having various

dislocation densities (Verlinden et al., 2007).
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Fig. 2.2.5.2. Evolution of the microstructure during (a) DRV (b) DRX (Verlinden et al.,
2007)

2.2.5.1. Grain refinement

Thermo-mechanical processing has been employed for producing plates and sheets with
optimized mechanical properties (Sankaran et al., 2005, 2003). Research in low carbon steels
and low alloy steels is driven by the desire to improve yield strength and toughness.
Improved yield strength and toughness are obtained in fine grained ferrite which is prepared
by using thermo-mechanical controlled processing routes. Controlled rolling is used to
produce steels with yield strength as high as 600 MPa at low costs (Hurley and Hodgson,
2001). Fine grain sized steels can be produced by using three mechanisms: (a) strain induced
transformation (SIT), (b) transformation from dynamically recrystallized austenite, and (c)
dynamic recrystallization of ferrite (Hodgson et al., 1999). Several metallographic studies
have confirmed the achievement of fine ferrite via strain induced transformation in plain
carbon steels (Santos et al., 2003)(Han and Yue, 2003)(Huang and Froyen, 2002)(Hong et al.,
2003) and micro-alloyed steels (Eghbali and Abdollah-zadeh, 2006)(Eghbali and Abdollah-
zadeh, 2005a)(Chakrabarti et al.,, 2013) (Eghbali and Abdollah-zadeh, 2005b). These
researchers have hot worked the steel just above the Arz temperature and in the (a+y) phase

field to obtain fine grain size.

In order to enhance the ductility of high phosphorous steels further by reducing the grain size
one must find the thermo-mechanical parameters like strain rate and deformation
temperature, which shall allow the achievement of fine grain size (Stumpf, 2004, 2003) by

holding and working in the (a+y) phase field. Although a few researchers have worked on hot
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compression studies of high phosphorous steels, studies on grain refinement of high

phosphorous steels are scarce (Kim et al., 2005).
2.2.5.2 Hot deformation of low carbon steels

Many studies have been carried out on hot deformation of low carbon steels in a wide range
of temperatures and strain rates. Fe-0.06 wt. % C steel was tested at strain rates of 0.1, 1, and
8 s~* by hot deformation in the temperature range of 900°C to 1100°C to a total strain of 0.8
(Rao et al., 1996). It was observed that the hot deformation behaviour in the austenitic phase
field followed a hyperbolic sine relationship. Huang et al. conducted hot compression tests on
a 0.16 % C steel at deformation temperatures in the range 520°C to 900°C, with true strain

upto 0.8 and a constant strain rate of 1 s™* (Huang and Froyen, 2002).

Isolated studies have been conducted on interstitial free steels having phosphorous and boron
as alloying elements with limited objectives. For example, Kim et al. studied a Ti-Nb
interstitial free steel and found that the effect of phosphorous on dynamic recrystallization
was less than that of boron (Kim et al., 2005). A comprehensive study on high phosphorous
steels has not been taken up as yet. A review of thermo-mechanical processing of low carbon

steels is presented in Table 2.2.5.2.
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Table 2.2.5.2: Review of thermo-mechanical processing of low carbon steels

S. Material Experiment Findings Ref.

No. (wt. %)

1. | Fe-0.16C-1.5Mn- All the specimens were reheated to 1100°C for | -Deformation induced ferrite transformation was | (Hong and
1.2Si steel and 2 min and cooled at a rate of 1°C s* to the | influenced by austenite grain size, amount of | Lee, 2002)
Fe-0.16C-1.5Mn- deformation temperature, compressed and | strain and strain rate, and the grain size of about 2
1.2Si-0.11V-0.077 water quenched um could be produced by heavy deformation of
Nb steel 80%. At least reduction of 50% per pass was

required to induce deformation induced ferrite
transformation.

-Ferrite growth occurred during the intercritical
isothermal holding after deformation.
-Micro-alloying such as Nb, V was effective for
suppressing the ferrite growth.

2. | Fe-0.06C-0.59Mn Specimens heated at 1250°C, soaking time 15 | -Ultra fine equiaxed grains of size 1 um were | (Hodgson
steel min. The heat treated specimen was rolled in | produced. etal., 1999)

single pass up to reduction of 30% at roll speed | -Refinement was due to strain induced
of 24 m/min and 780°C and air cooled to room | transformation from austenite to ferrite.
temp. -Yield strength was increased by 100%.

3. | Fe-0.15C-1.1Mn Hot rolling in the intercritical region. -Ultra fine ferrite grains (about 1 pm) in steels are | (Han and

-0.25Si steel obtained through hot rolling in the intercritical | Yue, 2003)
region, under condition of strain-induced
transformation from austenite to ferrite.

4. | Fe-0.45C-0.28Si Specimen  compressed at  deformation | The deformation resistance increases with the | (Lin and
-0.96Cr-0.63Mn temperature from 850 to 1150°C and strain | decreasing temperature of deformation and | Liu, 2009)

-0.19Mo steel

rates from 0.01-50s* and different deformation
degrees

increases with the increase of strain rates for a
given deformation temperature.
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Fe-0.16C-0.20Si Various deformation temperatures using | Ferrite grain size of 3-5um was achieved. (Huang and
-0.61Mn steel different strain rates and total true strains. -The strain assisted austenite to ferrite | Froyen,
transformation and austenite recovery are | 2002)
responsible for the softening.
-The  strain-assisted  austenite to  ferrite
transformation should preferentially be considered
in obtaining the equiaxed, homogeneous and
ultrafine ferrite because it occurs more easily than
the dynamic recrystallization of ferrite. Decreasing
the recovery rate of ferrite and increasing the
defect concentration in austenite are beneficial to
the formation of the ultrafine ferrite.
Fe-0.09C-1.68Mn -heated to 1250°C for 900 s and air-cooled to | - The equiaxed ultra-fine ferrite is formed due to | (Hurley and
-0.22Si-0.27Mo the rolling temperature which was just above | strain induced transformation and fine-scale (0.05- | Hodgson,
steel; Fe-0.11C the Ars (800°C) followed by air cooling. 0.2um) spherical carbide particles were distributed | 2001)
-1.68Mn-0.22Si - heated to 1250°C for 900 s and air-cooled to | throughout the microstructure.
steel the rolling temperature which was just below
the Arz (675°C) followed by air cooling.
Fe-0.0031 C-0.0018 | -The specimens were heated to 1123 K at a | - Dynamic recrystallization can occur also in | (Tsujietal.,
N-0.012Si-0.15Mn heating rate of 20 Ks™, held for 30s, and then | ferrite where it has been generally considered that | 1997)
-0.010P-0.005S compressed at the same temperature at various | recovery is an only restoration process during hot
-0.049Ti-0.0001 strain rates in the range of 103s* to 10s™. deformation.
B-0.054 Al steel
Fe-0.0016C-0.1Si Specimens were heated at 10 K s to their | Deformation at lower temperatures and higher | (Murty et
-0.3Mn steel specified temperature, and then plane strain | strain rates (high Z) results in dynamic recovery | al., 2005b)

compressed in a single stroke after holding at
the temperature for 10 s. The compressive
deformation was carried out at strain rates of
1st and 0.01s!, respectively and water
guenched.

and at higher temperatures and lower strain rates
(low Z), dynamic recrystallization in ferrite
prevails. Dynamic recrystallization is confirmed in
the temperature range of 723-823 K and at a strain
rate of 0.01 s 1.
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Fe-0.15C steel;
Fe-0.2C steel;
Fe-0.3C steel

Reheat at 100 K above Aes for 3 min. followed
by air cooling to 1133 K or 1143 K, one step
deformation pass upto total true strain of 0.3 at
strain rate of 10s™! in order to obtain fully
recrystallized austenite followed by cooling to
823 K using the maximum admissible cooling
rate. After a 2 min holding period at 823 K, the
large strain warm deformation was applied in
four-pass plane strain compression (each of
€=0.4) process with an interpass time of 0.5s at
strain rate of 10s™%. Subsequently, an annealing
treatment of 2 h at 823 K was applied.

-The ultrafine ferrite grains (1.1-1.4 pm) and
homogeneously  distributed  fine  cementite
particles were produced by large strain warm
deformation (¢ = 1.6) and subsequent annealing
(823 K, 2h) of plain C steel.

- The increase in the carbon content was observed
to be beneficial for the enhancement of the work
hardening rate.

(Song et al.,
2005)

10.

Fe-0.15C-0.16Si
-0.56Mn-0.012P
-0.028S steel

Specimen is heated up to 900°C soaked for
5min, cooled to temperature in the range of
550-850°C at the rate of 15°C s™!, immediately
deformed, reheated up to 750°C, kept for at
least 5min, and finally cooled in air.

Ferrite grain size of 7.5 um has been produced.
-The yield strength of the plates is 325-385 MPa,
tensile strength is 465-525 MPa and elongation is
27-36%.

(Jian-wen
et al., 2006)

11.

Fe-0.16C-0.26Si
-1.5Mn-0.03Ti steel

Sample heated at 900°C for 10min., followed
by air cooling to 750°C (Arz temp. is 735°C and
the austenite grain size was 50um) followed by
shear rolling and reduction ratios of 30, 40, 50
and 60%. The rolled specimens were cooled at
various cooling rates.

-The fine grained ferrite less than 2um in size
were produced by the asymmetric rolling. Fine
cementite particles are dispersed at the ferrite
grain boundaries.

-The grain size of the ferrite decreases with
increasing effective rolling strain and also with
increasing cooling rate after rolling.

(Lee and
Lee, 2010)

12

Fe-0.06C-0.27Mn
-0.02S:i steel

The compression tests were performed at
constant strain rates of 0.1, 1 and 8s* to a strain
of 0.8 at constant temp. 900, 1000, and 1100°C.
The specimen is heated to 1200°C at a heating
rate of 2.6°C s7!, held at that temperature for 2
min, cooled at a rate of 2°C s™! to the test temp.,
held for 30s before compressing followed by

-Depending on the temperature and strain rate
conditions during deformation, the material
exhibited strain hardening, dynamic recovery, and
static and dynamic recrystallization behaviour.

-A constitutive equation has been developed with
which strain hardening, dynamic recovery and

(Rao et al.,
1996)

39




water quenching

dynamic recrystallization, temperature dependence
can be satisfactorily described covering a wide
range of strain rates.

- The entire flow stress data can be well
represented using a hyperbolic-sine relationship,
and a constitutive equation reflecting strain, strain-
rate and temperature contributions to flow stress
has been obtained for the plain low carbon steel.

13

Fe-0.15C-0.15Si
-1.10Mn steel

Specimen heated to 900°C at a heating rate of
10°Cs™?, and held for 10 min. Then cooled at a
cooling rate of 5°Cs™* to the deformation temp.,
ranging from 875°C to 700°C, and deformed
immediately by compression to various
amounts of deformation at two different strain
rates of 0.01 st and 1 s before ice-brine
quenching.

-The observed flow softening behaviour of the
steel during its hot-deformation at temperature
lower than critical temperature within y+o phase
under low strain rate condition was due to
deformation-induced massive transformation of
austenite-to-ferrite  transformation instead of
conventional strain-induced transformation. The
unusual behaviour was strongly dependent on the
strain rate of deformation below critical
temperature Tc (780°C). A significant flow
softening behaviour was observed for low strain
rate of 0.01 s7%.

-The observed critical temperature Tc (780°C) was
significantly higher than To (730°C) temperature
and this was because the y+a phase-equilibrium
was largely shifted toward higher temperature
because of the development of unequal
deformation-induced stresses in two phases
because of the yield stress difference.

(Chung et
al., 2010)

14.

Fe-0.04C-0.78Mn
-0.25Si steel

Compression was performed at temperature
range of 850-1150°C and strain rate of 0.001-1
s followed by water quench.

- The flow curves at temperatures higher than
950°C show DRX while at lower temp., the flow
curves show work hardening without any DRX.

- The linear dependence of flow stress on

(Momeni et
al., 2011)
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temperature changes to a non-linear one at about
950°C. This temperature is introduced as the
recrystallization-stop temperature of the alloy.

- The apparent activation energy for DRX is
determined as 377 kJ/mol.

15.

Fe-0.27C-0.2Si
-0.3Mn-1.5Cr
-0.35M0-3.7Ni
-0.1V-0.007N steel

Heated for 10 min at 1200°C and then cooled
down to deformation temperature. Hot
compression was performed at temperature
range of 850-1150°C and at strain rates of
0.001-1s?

-Dynamic recovery in austenite occurs very
sluggishly due to its low stacking fault energy
(SFE).

-DRX actually originates from the local bulging of
grain boundaries that is initiated at a critical strain
(gc) 0.6-0.8 times the peak strain (gp).

- At temp., higher than 1000°C, DRX was found
responsible for flow softening, whereas at lower
temp., the flow curves were associated with work
hardening without DRX.

- The value of apparent activation energy found
using hyperbolic sine function was 437 kJ/mol.

- The stress relaxation tests at low temperatures
confirmed the possibility of dynamic precipitation.
The lowest times for the start and finish of
precipitation were respectively as 10 and 1000 s
and were obtained at 900°C.

-The solubility products of VC, VN and Mo.C
were calculated using the alloy contents and it was
concluded that a combination of VV and Mo could
cause dynamic precipitation of carbonitrides.

(Mirzaee et
al., 2012)

16.

Fe-0.15C-1.5Mn
-0.4Si steel

Specimens heated at different temperatures

(900, 1050, and 1200°C) for 1 min followed by
cooling at the rate of 2°C s™! to the desired
deformation temp. and then deformed in

- Strain-induced dynamic transformation (SIDT)
can be used for grain refinement in low carbon
steels. About 2 pm ferrite grains are obtained
through  dynamic  transformation in  the

(Choi et al.,
2003)
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compression at constant strain rates of either 1
or 0.1 s! immediately followed

by ice-brine quenching

temperature range between Aes and Ae.

- The main contributions of SIDT to the grain
refinement are very rapid and concurrent
nucleation and random orientation distribution of
ferrite grains due to the deformation.

- The fraction of SIDT ferrite increases with the
increase of strain.

- softening mechanisms of strained austenite,
SIDT and dynamic recrystallization (DRX)
compete with each other

- Under Aes temperature where the critical strain
for SIDT is smaller than that of DRX, SIDT is
predominant softening mechanism.

17.

Fe-0.156C -1.36Mn
-0.249S; steel

true stress—strain curves under different
deformation temperatures 850, 950, 1050 and
1150°C with strain rates of 0.01, 0.1, 1 and 10
stare

obtained

The constitutive model for flow stress of Q345E
steel under elevated temperature is established by
utilizing Arrhenius equation and the modified
Zener-Hollomon  parameter  considering the
compensation of both strain and strain rate, which
can accurately predict the flow stress under
different deformation conditions during the hot
compression process.

(Dong-
sheng et al.,
2017)

18.

Fe-0.43 C-0.27 Si
-0.21Mn steel

Each specimen was heated with heating rate of
5°Cs! up to austenitization temperature of
1100°C and soaked for 2 min and followed by
cooling with 1°Cs' to  deformation
temperatures ranging from 800-1050°C with an
interval of 50°C. The compression tests were
performed at four constant strain rates i.e., 0.01,
0.1, 1 and 10 s upto total true strain of 0.7.

The apparent activation energy of hot deformation
using sinh type law is found to be 368 kJ/mol at a
true strain of 0.6. The value of stress exponent n is
5.4 using sinh type equations, which suggests that
the mechanism of hot deformation is dislocation
glide controlled by dislocation climb.

High values of m and # at low strain rates, and
moderate to high temperatures (950-1050°C)
result from DRX of austenite.

(Kumar et
al., 2017)
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2.2.5.3 Processing windows

Processing maps are drawn in the Cartesian space having temperature as abscissa and strain
rate as the ordinate at a given strain. Processing maps have been drawn for magnesium
(Wang et al., 2007), aluminium (Wang et al., 2008) and steels (Rastegari et al., 2016), etc.
Processing maps were developed first by Ashby (Ashby, 1972) and later by Prasad et al.
(Prasad et al., 1984). The latter's maps are based on the dynamic materials model (DMM) and
consist of two superimposed maps i.e., power dissipation efficiency and instability maps.
High dissipation efficiency and no instability represent good workability. Prasad et al.
(Prasad, 1996; Prasad et al., 1984) assumed that the material does not store energy. Murthy
and Rao (Murty et al., 2005a, 2003, 2002; Murty and Rao, 1998) modified the determination

of energy efficiency and instability parameters.

Power P given to a viscoplastic material during plastic deformation is the product of stress
and strain rate. Prasad assumed that this power P can be divided into G and J. G is the power
dissipated in plastic work and J is the power dissipated in microstructural changes. This
division can be expressed as (Chakravartty et al., 1995; Murty et al., 2005a)

Pre=G+] =0é= [ adé + [’ édo (2.2.5.1)

o is the flow stress and ¢ is the strain rate. Based on this consideration, two parameters are
described i.e., £ and 7. 7 is the efficiency of power dissipation. £ is the instability parameter. #

is the ratio of J and the maximum possible J.

J 2] 2m
= —-—- — = — 2.2.5.2
7 P m+1 ( )

max

The values of 7, strain rate sensitivity m, and stress exponent n are high when diffusion
controlled phenomenon such as recrystallization, recovery and phase transformations occur
(Rajput et al., 2013). Murthy and Rao proposed a modified DMM to avoid the use of m while
calculating #. The resulting model was found to be good for multiphase materials. In this
method (Murty et al., 2003) efficiency of power dissipation # is proposed as

2(P-G)

_Ar-Y) 2253
n 5 ( )
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with
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£=Emin
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n= )
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(2.2.5.4)

& min IS the minimum strain rate tested and m is the strain rate sensitivity for the lowest strain

rate. m is defined in (Prasad et al., 1984) as

m {6'”0} (2.2.5.5)

oné

Flow instabilities can be related to flow concentrations. Ziegler's (Murty and Rao, 1998)

approach assumes that instability occurs when

d_b (2.2.5.6)

os &

D is the power dissipation function. Thus, the calculation of the flow instability depends on
the formulation of D. D=P implies that total power is dissipated and then instabilities occur
when m<0 according to Montheillet et al. (Montheillet et al., 1996). Whereas, D=J assumes
that power is dissipated by microstructural changes alone and by using it different instability
parameters can be calculated. Prasad et al. (Prasad et al., 1984) proposed the following

instability parameter.

oln(m/(m+1)) m

<0 2.25.7
olné ( )

§(é)=

Murthy and Rao (Murty et al., 2003) proposed the following instability parameter «

k=M 1.0 (2.2.5.8)

n
Strain rate, temperature, and steady state flow stresses are interdependent. They obey kinetic
equations too. The Zener-Holloman parameter, Z at different deformation parameters
correlates well with the constitutive equations which are given below (Rajput et al., 2014).
The power creep law is used for low stresses (Eq. 2.2.5.9); the exponential law equation for
high stresses (Eq. 2.2.5.10). For a wide range of stresses the universal constitutive equation
proposed by Sellars and Tegart (Sellars and McTegart, 1966) is used (Eq. 2.2.5.11). Equation
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2.2.5.11 reduces to (Eq. 2.2.5.9) when 20<0.8 and (Eq. 2.2.5.10) when ac>1.2 (Zhang et al.,
2013).

Ca e Qo
Z,=Ac"= gexp(RT) (2.2.5.9)
Ze = A o9 (o) = o) (2.25.10)
Z = Alsinh(ao)]" = éexp(%) (2.2.5.11)

R is the gas constant and Q is the apparent activation energy. A, a, f and n are material
constants and the subscripts P and E are related to power and exponential laws, respectively.
The activation energy is determined using the Arrhenius plot. It is assumed that
microstructures do not change. Q is the apparent activation energy. The stress exponent n
obtained according to sinh type law is generally lower than that corresponding to the power
law (Mcqueen et al., 1995). The value of constant « was taken as equal to 0.012 as found for

similar steels when using the sinh type equation (McQueen, 2002).
2.2.6 Applications

Phosphorous is being used to improve the desirable properties of automobile steel sheets. The
resistance spot-welding characteristics of plain-carbon steel was compared with those of
rephosphorized steel containing 0.04 percent to 0.12 percent of phosphorus and adequate
weld button size, strength and toughness were obtained over a practical range of welding
conditions (Sawhill and Baker, 1980). Addition of up to about 0.1 percent P to low-C, low
Mn steels greatly improves their deep-drawing properties (i.e., higher rm and lower Ar values)
(Hu, 1976) (Spitzig et al., 1978). Additions of phosphorus up to 0.05 percent increase the
strength of iron and steel by about 24 MPa with no significant effect on toughness (Spitzig,
1972; W.A. Spitzig and Sober, 1977). To gain additional strengthening, static-strain-aging
treatments can be applied to low C, low Mn, silicon steels containing about 0.05 percent P,
and increases in strength of about 15 percent obtained with no appreciable changes in rm
values (Spitzig et al., 1978). Reasonably good ductility (13% uniform elongation) remains
after the strain-aging treatment. Dynamic-strain aging treatments on iron-phosphorus alloys
(Spitzig and Sober, 1975) can produce greater increases in strength (with no appreciable

decreases in subsequent uniform elongation) than static-strain-aging treatments.
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The addition of phosphorous to CMnSiAl TRIP steel compositions resulted in the formation
of a higher amount of retained austenite which did not decompose at longer austempering
times; as compared to the non P-alloyed TRIP steel. Si and P were found to have a synergetic
effect on the tensile strength. Addition of 0.14 wt. % of Si resulted in an increase in tensile
strength of 60MPa which is five times larger than the Si solid solution strengthening effect in
ferrite reported in literature, namely 80 MPa per wt. % Si (Barbé et al., 2006). Compared to
the ultimate tensile strengths of all individual alloys, phosphorus added alloys exhibited
increasingly better fatigue limit (as the phosphorous content increased), under cyclic loading

conditions at room temperature in air (Islam et al., 2011).

P is being used as an alloying element in weathering steels. "Weathering" steel forms a
protective layer on its surface under the influence of the weather. The corrosion-retarding
effect of the protective layer is produced by the particular distribution and concentration of
alloying elements (Cu, Si, P, Ni, etc) in it. The steel is allowed to rust in order to form the
‘protective’ coating (Yamashita et al., 1994). Weathering steel 09CuPTiRe is widely adopted
for manufacturing rolling stock in China (Chunling et al., 2004). More than 50% of steel
bridges in America are made of weathering steel (Kihira and Kimura, 2011). About 33% of
the steel bridges in Japan are made from unpainted weathering steel, (Kihira and Kimura,

2011) and its share is increasing.
2.2.7 Research Gap and Formulation of the Problem

In cast steels, phosphorus is treated as an impurity because it exhibits strong segregation
during solidification. Phosphorous forms fine FesP inclusions at the grain boundaries during
cooling from the melting temperatures and thereby results in embrittlement of the steel. The
permissible amount for phosphorus in modern steels, therefore, is less than 0.05 wt. %.
However, the beneficial effect of phosphorous in conferring corrosion resistance to steel is
attested by several archaeological iron structures in India, one famous example being the
Delhi Iron Pillar which is more than 1600 years old. The iron of the pillar contains an

average amount of 0.25 wt. % phosphorous (Wranglen, 1970).

Phosphorus is a very effective alloying element in iron and steel because of its following
features:

A Effectively strengthens ferrite phase (next only to carbon and nitrogen).
A Promotes corrosion resistance by forming a passive film.

A Improves wear resistance.
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However, in spite of the versatility of phosphorous as an alloying element, its full scope is

not yet developed. The aforesaid reasons are strong enough to underline the need to establish

phosphorus as an important and effective alloying element and widen its applicability by

way of appropriate alloy design.

The alloy design in the present investigation is based on the following concepts:

That a small amount of carbon (~0.01 wt. %) should be added to Fe-P alloys to
reduce grain boundary segregation of phosphorous (Suzuki et al., 1985).

That nitrogen can expel phosphorous from the grain boundary sites and decrease the
percentage of intergranular fracture (H. Erhart and Grabke, 1981).

That adding 0.5 wt. % Si reduced the ductile-brittle transition temperature by
approximately 100 K, and the fracture mode became transgranular (Liu et al., 1989).
That silicon bearing ultra-fine grained weathering steel exhibits excellent corrosion
resistance compared with carbon steel in the wet/dry cyclic corrosion test by
promoting the formation of goethite having smaller particle size (Gomez, Mejia et
al., 2012; T. Nishimura, 2008; Toshiyasu Nishimura, 2008).

That nitrogen suppresses the pitting susceptibility of iron and steel and favours
repassivation of pits which are formed by widening the potential range where

repassivation occurs and reducing the size of the repassivated pits (Grabke, 1996).

In view of the above facts, it becomes interesting to study the combined effect of adding C,

Si and N on the strength, ductility, toughness and corrosion resistance of Fe-P steels as no

literature was found on this area of research.

In view of the observations, the present investigation is aimed at the following objectives:

To design and prepare high phosphorous steels having good mechanical properties
and corrosion resistance.

To develop high phosphorous steels with refined microstructure using thermo-
mechanical processing.

To understand the underlying mechanisms of microstructural evolution during
thermo-mechanical processing of high phosphorous steels.

To establish suitable thermo-mechanical processing parameters by using deformation

processing maps.
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Chapter 3

EXPERIMENTAL PROCEDURE

This chapter describes the detailed experimental procedures adopted in the present
investigation. The overall aim is to develop high phosphorous steels with fine grain size
having good mechanical properties and improved corrosion resistance. The high phosphorous

steel shall be used as concrete reinforcement rebar.

3.1 INGOT METALLURGY
3.1.1 Materials

The materials used in the present work are:
1. Three high phosphorous steels having different compositions (S1, S2 and S3)
2. Plain carbon steel (S4)

S4 was procured from the open market as rods of 13 mm diameter. The high phosphorous
steels were produced by casting at Vaishnav Steel Private Limited at Muzaffernagar, Uttar

Pradesh, India.

The materials used for castings of high phosphorous steels were:
1. Ferro-phosphorous alloy 2 kg

2. Low carbon iron scrap, 300 kg

3. Ferro-Silicon 1.5 kg

4. Aluminium shots

5. Nitrided Manganese

Three ingots weighing 30 kg each were cast in sand moulds. They contained approximately
0.13 wt. % phosphorous (all the percentages mentioned in the thesis are in weight
percentages). This was accomplished by adding calculated amounts of ferro-phosphorous
alloy to the induction furnace during melting.

The ferro-phosphorous mother alloy contained 22 wt. % phosphorous. Therefore, 1 kg of
ferro-phosphorous contains 220 g of phosphorous. 5 wt. % weight loss of phosphorous occurs
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due to oxidation during melting. Therefore, the yield of 1 kg ferro-phosphorous will become
0.21 kg. Further, to obtain 1 kg 0.13 wt. % phosphorous steel we need 0.0013 kg
phosphorous. Thus, we need 300 x 0.0013=0.39 kg phosphorous to make 300 kg steel (the
capacity of the induction furnace). Which implies that 0.39/0.21 =1.86 kg ferro-phosphorous
should be added to the melt.

The ferro-silicon mother alloy contained 70 wt. % silicon. Therefore, 1 kg of ferro-silicon
contains 700 g of silicon. 5 % weight loss of silicon occurs due to oxidation during melting.
Therefore, the yield of 1 kg ferro-silicon will become 0.665 kg. Further, to obtain 1 kg 0.26
wt. % silicon steel we need 0.0026 kg silicon. Thus, we need 300 x 0.0026=0.78 kg silicon to
make 300 kg steel. Which implies that 0.78/0.665 =1.17 kg ferro- silicon should be added to

the melt.

Similarly, calculated amount of nitrided manganese (7 wt. % nitrogen) was also added to the

melt to obtain the desired concentration of nitrogen.
3.1.2 Melting and Casting

300 kg of low carbon iron scrap was melted in an induction furnace of 300 kg capacity. A
small amount of flux was added to the melt to form a layer of slag. Calculated amounts of
ferro-phosphorous and ferro-silicon were added to the melt and allowed to dissolve. A part of
the melt was transferred into the ladle after adding some amount of aluminium shots for de-
oxidation. The contents of the ladle were then poured into the previously prepared sand
mould. The second casting was obtained after adding calculated amounts of ferro-silicon. The
third casting was obtained after adding both ferro-silicon and nitrided manganese. The
castings were opened on the third day. The risers and runners were cut off and cleaning and

grinding operations performed. The size of the casting was 200 mm x 400 mm x 400 mm.
3.2 FORGING
3.2.1 Homogenization

The castings were cut vertically and perpendicular to the bottom of the casting into slices of
72 mm x 32 mm x 41 mm. These slices were homogenized at 1000°C for 24 h and then

processed to obtain samples for further studies.
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3.2.2 Forging

Pieces with dimensions of about 72 mm x 32 mm x 41 mm were cut the casting. These were
subjected to hot upset forging at about 900°C. The thickness was reduced from 41 mm to
about 16 mm. Then sections of 1.6 cm x 1.6 cm x 15 cm were cut off. These were again hot
forged at 1150°C to produce round and square bars of about 1.2 cm diameter or side

respectively. A few 16 mm thick samples were reduced to 12 mm by hot rolling at 900°C.
3.2.3 Composition Analysis

The chemical compositions of the cast samples were analysed by MAGELLAN optical
emission spectrometer at Vaishnav Steel Private Limited, Muzaffernagar. The plain carbon
steel was determined using Thermo-Jarrell Ash spark emission spectroscope at the
department of metallurgical and materials engineering at the Indian Institute of Technology-
Roorkee. Testing was conducted twice for obtaining the compositions. The composition of
each element was obtained by averaging the two values obtained. The compositions of all

samples are provided in Table 3.2.1.

Table 3.2.1: Average chemical composition (wt. %) of the steels used in the present work

Steel | P C Si | Mn| Cr | Al Cu N S Fe
S1 |0.13]0.05{0.26 | 0.2 |0.13 | 0.003 | 0.023 | 0.004 | 0.016 | Balance
S2 |10.13(0.05]{0.39| 0.2 [0.14]0.023 | 0.024 [ 0.004 | 0.015 | Balance
S3 |0.13(0.05|0.48|0.46 | 0.18 | 0.033 | 0.026 | 0.015 | 0.014 | Balance
S4 |0.02|0.09|0.07 | 0.32 | 0.03 | 0.004 | 0.02 |0.002 |0.017 | Balance

3.3 HEAT TREATMENT

All the heat treatments were carried out in a muffle furnace (Scientific systems, New Delhi)
having silicon carbide rods for heating. The forged bars (1.2 mm diameter/side) were held at
900°C for 1 h and 6 h to produce a set of tensile test and charpy impact energy test samples.

Microstructures were developed by subjecting the samples to various heat treatments. The
details of the heat treatments are summarized in Table 3.3.1. Pieces of 1cm x 1cm x 1cm were
cut from large homogenized slices to prepare the specimens. The S1, S2 and S3 steel
specimens were heat treated in the dual phase region of the Fe-P phase diagram (Fig. 2.1.2) at

900°C for 1 h. Subsequently, different sets of these samples were prepared by varying the
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cooling rate. The samples were cooled in the furnace, air and water. Yet another set was cut
out of the original castings to obtain as cast specimens. Another set was cut out of rods hot

forged at 1150°C. A set was also obtained from rods made by hot forging and hot rolling at

900°C.

Table 3.3.1: Details of heat treatments conducted on high phosphorous steel specimens

Sample name Composition | Heating Heat Soak Cooling
Rate Temperature Time Rate
As cast S1,S2, S3 - - - -
Water quench S1,S2,S3 5°C/min | 900°C 1h Water
quench
Furnace cool S1,S2,S3 5°C/min | 900°C 1h Furnace
cool
Air cool S1,S2, S3 5°C/min | 900°C 1h Air cool
Hot forged S1,S2,S3 5°C/min | 1150°C - Air cool
Hot forged, hot S1,S2,S3 5°C/min | 900°C - Air cool
rolled
Growth of austenite | S3 5°C/min | 830°C 4h Water
in ferrite matrix quench
5°C/min | 865°C 20 min, 1 | Water
h, 4 hand | quench
24 h
5°C/min | 900°C 20 min Water
and1h quench
Growth of ferrite in | S3 5°C/min | 1000°C, 30 min. 30 min, 1 | Water
austenite matrix Transfer to 805°C | h, 4 hand | quench
24 h,
Homogenization of | S3 5°C/min | 865°C, 24 h, WQ. | 20 min, 1 | Water
phosphorous Re-heat to 750°C | h, 4 hand | quench
24 h

Note: Homogenization of the casting was carried out at 1000°C for 24 h.

In order to study the ferrite to austenite and austenite to ferrite transformation the samples of
S3 steel were prepared. A separate slice of the casting of S3 steel was hot forged to obtain a
rod with a square cross section 1.2 cm x 1.2 cm. The rod was cut to obtain samples of an
approximate size: 1.2 cm x 1.2 cm x 1.2 cm. The ferrite to austenite transformation was
studied in the duplex phase region by heat treating a set of S3 steel samples at different
temperatures for different time intervals, namely 900°C for 20 min and 1 h, 865°C for 20
min, 1, 4 and 24 h and 830°C for 4 h (Table 3.3.1, Fig. 3.3.1). All the samples were then
water quenched to retain the microstructural condition at the holding temperature. 865°C is

situated in the middle of the ferrite-austenite duplex phase region for S3 steel. The austenite
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to ferrite transformation was studied by heating a set of S3 steel samples and holding them at
1,000°C for 1 h to achieve fully austenitic microstructure. Then the sample was transferred to
another furnace and held at 805°C for 30 min, 1, 4 and 24 h to allow transformation of
austenite to ferrite. Subsequently, the samples were water quenched. The transformation of
austenite to ferrite of S3 steel starts at 805°C. Another set of S3 steel samples was heat
treated at 865°C for 24 h and then water quenched. Phosphorous diffuses into ferrite regions
from austenite regions in these specimens. These samples were re-heated to 750°C and held
there for 20 min, 1, 4 and 24 h in order to study the homogenization of phosphorous with
time. The phase diagram of S3 steel was drawn using Thermocalc™ database TCFE7.
Samples (15mm x 15 mm x 6 mm) were sliced from the casting and heat treated at 1000°C
for 2 h and furnace cooled for conducting corrosion studies. The preparation of samples for
dilatometry has been discussed in section 3.5.
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Q. 830 -
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0.13
Phosphorouscontent (wt. %)—»

Fig. 3.3.1. Schematic diagram illustrating gamma loop of iron-phosphorus phase diagram
with tie lines for the investigated temperatures (adapted from Vogel) (R. Vogel, 1929)

3.4  MICROSCOPY

3.4.1 Optical and Scanning Electron Microscope

As received cast samples and those prepared by heat treatment and forging were ground using
emery paper 320, 800, 1200, 1500 and 2000 grit. Then the ground sample was polished on

velvet using 1 micron and 0.024 micron alumina powder. The polished samples were cleaned
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with acetone and etched with 2 % nital solution (2 % HNOs in ethanol) reagent for optical
microscopy using Leica DMI 5000M inverted optical microscope (Fig. 3.4.1.1). Nital solution
attacks the low phosphorous areas and creates a relief effect called 'ghosting’ (Stewart et al.,
2000a). A few samples were etched with Oberhoffer's reagent. Oberhoffer's reagent reveals
the dual phase microstructure by depositing copper on the low phosphorous region. As a
result of this action, low phosphorous areas appear dark. Oberhoffer’s reagent was prepared
by mixing 500 mL H>O + 30 g FeCls + 0.5 g SnCl, +1 g CuCl, + 500 mL C>HsOH + 50 mL
HNO3 (Stewart et al., 2000b).

A scanning electron microscope (Fig. 3.4.1.2) was used to study the segregation and
distribution of phosphorous on the polished surface of cast steel. S3 steel sample held at
865°C for 24 h and then water quenched was prepared for x-ray mapping analysis by electron
microscopy using a scanning electron microscope in order to confirm the de-segregation of
phosphorous obtained due to holding the sample in the ferrite-austenite duplex phase region
for longer times. Further, the fracture surface of the tensile test samples (hot forged) and
impact test samples (hot forged) were studied for ductile or brittle characteristics using Zeiss
EVO18 scanning electron microscope in SE mode. Elemental distribution at corroded area of
an S3 steel sample, after potentiodynamic polarization testing in saturated Ca(OH). solution
(pH = 12.5) with 0.14 wt. % chloride, was also understood.

Fig. 3.4.1.1. Leica DMI 5000M inverted optical microscope at Metallography laboratory

53



EBSD Explained

Fig. 3.4.1.2. Zeiss EVO18® LaB6 filament SEM at SEM laboratory

35 CHARACTERIZATION
3.5.1 Phase Transformation Characterization

The Arz and Ary temperatures were determined from continuous cooling transformation
(CCT) curves obtained using the Gleeble® 3800 machine (Fig. 3.5.1.1). A CCT test was
conducted to find out the transformation temperatures by dilation of cylindrical samples of 85
mm length and 10 mm diameter during cooling at the rate of 1°C s. These samples were
machined out of the 12 mm hot forged bars. The temperature was controlled by a K-type
thermocouple spot welded to the sample. The specimen was heated in Gleeble® 3800 to
1050°C with heating rate of 5°C s* followed by soaking at 1050°C for 10 s. Then the
specimen was brought down to room temperature at a cooling rate of 1°C s™*. The first and
second deviation points in the CCT curve during cooling correspond to the Ars and Ar;

temperatures respectively.
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Fig. 3.5.1.1. Gleeble® 3800 at thermo-mechanical simulator laboratory

3.5.2 Tensile and Charpy Impact Testing

Five sets of cylindrical tensile samples having a gauge diameter of 5 mm and charpy V notch
impact specimens having size 10 mm x 10 mm x 55 mm were prepared according to ASTM
standard A-370 (ASTM A370, 2014) (Fig. 3.5.2.1) (Fig. 3.5.2.2). Five sets of samples were
prepared. The first set was prepared to study the mechanical properties of the compositions in
the as cast condition. The second set was prepared by hot forging the compositions at about
1150°C. These hot forged bars were held at 900°C for 6 h to produce the third set of samples.
The heat treated samples were subsequently air cooled. It was expected that the heat treatment
in the ferrite-austenite duplex phase region would cause site competition between
phosphorous and carbon and nitrogen (Fig. 3.3.1). This would lead to a reduction in
intergranular embrittlement and improvement in ductility. The 900°C temperature was
selected after dilatometric studies. Although complete partitioning of phosphorous and carbon
into ferrite and austenite regions can be achieved in about 24 h at 935°C for a Fe-0.1P alloy
(Stewart et al., 2000a), a 6 h heat treatment was chosen to minimize the increase in the grain
size and its likely ill effect on toughness. The details of differently processed steel specimens
used for characterization are shown in Table 3.5.3. The fourth set was prepared by heat
treating the hot forged bars at 900°C for 1 h and air cooled to room temperature. The fifth set
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was prepared by hot forging and hot rolling at 900°C. First, approximately 41 mm thick slices
were subjected to hot forging at 900°C to reduce their size to approximately 16 mm thick
rods. Subsequently, the hot forged pieces were hot rolled at 900°C to obtain a thickness of
about 13 mm and subsequently air cooled to room temperatures. Later, tensile and impact test
specimens were prepared out of these hot rolled bars and their mechanical properties were

found out.

While testing the specimen, two marks were made within the uniform section A using a
permanent marker. The distance between these two gauge marks is called the gauge length G.
Several values of the diameter are taken and an average D1 is used to calculate the area of
cross-section. The tensile samples were tested at 6.6 x 10™* s%; using a Hounsfield tensile
testing machine (25 kN) (Fig. 3.5.2.3). Load versus extension data was collected from the
computer interface attached to the tension test machine. The final gauge length and the final
diameter were measured carefully after failure, using a digital Vernier Calliper. Yield stress,
ultimate tensile stress and percentage elongation was obtained from the engineering stress
versus engineering strain curve. The strain hardening exponent was found out from the plastic
region of the true stress strain curve upto maximum stress using the software of the machine.
The impact specimens were tested using a Veb Werkstoffprufmaschinen machine (Fig.

3.5.2.4) at room temperature.

Table 3.5.3: Details of differently processed steel specimens used for characterization

X1 X2 X3 X4 X5
As Hot forge at X2 held at 900°C | X2 held at 900°C | Hot forge and hot roll
cast | 1150°C, air cool for 6 h, air cool for 1 h, air cool at 900°C, air cool
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Fig. 3.5.2.1. A typical cylindrical tensile sample: A is the gauge section, G is the gauge
length, D1 is the gauge diameter; An example of the dimensions D1, D2, B and R for the
above tensile sample as per ASTM standard A-370 is: A =20 mm, B =28 mm, D1 =4 mm,
D2=8mmand R=4mm
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Fig. 3.5.2.2. Charpy impact test specimen as per ASTM standard A-370

Fig. 3.5.2.3. H-25K tensile testing machine (Capacity 25 kN)
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Fig. 3.5.2.4. Veb Werkstoffprufmaschinen impact test machine

3.5.3 Hardness Test

Vickers hardness tests were conducted at the central portion of the polished faces of the
prepared high phosphorous steels samples in different processing conditions using 10 kgf load

and 15 seconds dwell time. Fig. 3.5.3.1 shows the instrument.
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Fig. 3.5.3.1. FIE Vickers hardness tester

3.5.4 Micro-hardness

Micro-hardness measurements were performed to confirm the presence of ferrite-carbide
mixture or martensite obtained after quenching from 750°C and above respectively in the hot
compression samples using Walter UHL micro-hardness tester VMH 104 Auto (Fig. 3.5.4.1).
Vickers indenter was used at 10 g load.
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Fig. 3.5.4.1. Walter UHL micro-hardness tester VMH 104 Auto

3.6 ELECTROCHEMICAL TESTING
3.6.1 Environments

The corrosion behaviour of the steels was studied in saturated Ca(OH)2 solution which is also
called concrete pore solution (Bertolini et al., 2004). The effect of chloride ion on
depassivation of the steels was studied in concrete pore solution without and with 0.05 wt. %,
0.1 wt. % and 0.14 wt. % sodium chloride.

3.6.2 Electrochemical Techniques

Different electrochemical techniques were used to understand the corrosion behaviour of the
steels in aqueous solution. Linear polarization resistance (LPR), potentiodynamic
polarization, electrochemical impedance spectroscopy (EIS) and open circuit potential (OCP)
measurements were used in the study (Saremi, M., 2002)(Sahoo and Balasubramaniam,
2008). The LPR method was used to determine the resistance to polarization. The
potentiodynamic polarization method was used to determine the pitting nucleation resistance.
The EIS method was used to determine the resistance and capacitance associated with the
passive layer. The solutions were prepared using single or double (for S3X3) distilled water
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and a calibrated digital pH meter (pH 510 of Eutech instruments) (Fig. 3.6.2.1) was used to
measure the pH (12.5) of the solution.

Fig. 3.6.2.1. Digital pH meter - pH 510 of Eutech instruments

3.6.2.1 Sample preparation

The surfaces of the furnace cooled samples (15mm x15 mm x 8 mm) were finished with
emery paper (upto 800 grit) and degreased with acetone. Different samples of the same rod
were prepared for conducting reproducible experiments.

3.6.2.2 Test cells and potentiostat

The samples were mounted on a standard flat cell (Ametek USA) having a platinum counter

electrode (Fig. 3.6.2.2.1) for conducting potentiodynamic polarization, linear polarization
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resistance and electrochemical impedance spectroscopy studies. A saturated calomel electrode
(SCE) was used in all the experiments. Potentiodynamic polarization studies were conducted
using an EG&G PARSTAT 273A Potentiostat (Ametek, USA) (Fig. 3.6.2.2.2). The EIS and
LPR experiments were conducted using Gamry 1000 Interface (Fig. 3.6.2.2.3)

3.6.2.3 Open circuit potential and linear polarization resistance

The OCP and LPR experiments were conducted using Gamry 1000 Interface (Fig. 3.6.2.2.3)
at time intervals of 15 min, 5 h and 21 h. These experiments were conducted in saturated
Ca(OH)2 solution without chloride and with 0.05 and 0.1 wt % CI~. The LPR scan was
conducted from -20mV to +20 mV w.r.t. the OCP at a scan rate of 0.125 mV s™*. The LPR or
Rp was measured from the slope of the potential vs current density curve at i=0 using Gamry
Echem analyst software. The linear region of the plot was selected and the polarization
resistance fit method was used to obtain the R,. The linear portion should be selected
carefully. Usually, it is between 5 and +10 mV (Oldham and Mansfeld, 1971)(Mansfeld,
2005)(Mansfeld, 1974).

The instantaneous corrosion rate of the specimens was obtained from the measured LPR

using the Stern-Geary equation (Alonso et al., 2000)(Jone, 1992) as shown below:

1 pp.  _ B (3.6.2.3)

i = X =
“r 2303 R,x(B,+B.) R,

In the above equation, fa, fc are the anodic and cathodic tafel slopes respectively, Ry is the
polarization resistance and B is a function of the tafel slopes. Duplicate tests were conducted

in each solution.

3.6.2.4 Potentiodynamic polarization

Potentiodynamic polarization studies were conducted using an EG&G PARSTAT 273A
Potentiostat (Ametek, USA) (Fig. 3.6.2.2.2) at a scan rate of 0.75 mVs ! in saturated Ca(OH),
solution without chloride and with 0.05, 0.1, 0.14 wt. % CI~. The open circuit potential was
stabilized for 1 h before conducting the experiment. All the experiments were repeated three
times. The chloride pitting potential and the pitting nucleation resistance was found out for
each chloride concentration. The difference between the OCP and the pitting potential is

called the pitting nucleation resistance R (Bethencourt et al., 1998).
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3.6.2.5 Electrochemical impedance spectroscopy

The EIS experiments were conducted using Gamry 1000 Interface (Fig. 3.6.2.2.3) at time
intervals of 15 min, 5h and 21h. These experiments were conducted in saturated Ca(OH)>
solution without chloride and with 0.05 and 0.1 wt. % CI™. In the EIS tests, impedance
response was scanned by applying a sinusoidal potential perturbation of 10 mV at the open
circuit potentials with frequency sweep from 100 kHz to 10 mHz using the GAMRY Interface
1000 potentiostat (Fig. 3.6.2.2.3). The EIS data was analysed by fitting with equivalent
circuits using GAMRY EChem analyst software. The EIS tests of S3X3 steel have been done
using double distilled water and Bio-Logic SP 200 and the analysis of the plots are done using
its Zfit software (Fig. 3.6.2.2.4). The frequency sweep in this case was from 7 MHz to 5 mHz.
The time intervals were 5, 15, 25, 40, 65 h. These experiments were conducted in saturated
Ca(OH): solution with 0.1 wt. % CI".

Fig. 3.6.2.2.1. Flat cell - Ametek, USA
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Fig. 3.6.2.2.2. EG&G PARSTAT 273A Potentiostat (Ametek, USA)

Fig. 3.6.2.2.3. Gamry Interface 1000 Potentiostat
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Fig. 3.6.2.2.4. Bio-Logic SP-200 Potentiostat

3.7 THERMO-MECHANICAL SIMULATION AND GRAIN REFINEMENT
3.7.1 Hot Compression

Hot compression tests were conducted on samples of S1, S2, and S3 steels with the help of a
Gleeble® 3800 thermo-mechanical simulator (Fig. 3.5.1.1) under vacuum (pressure of 1 Pa).
The dimensions of the cylindrical specimen were 15 mm length and 10 mm diameter. The
specimens were machined out of the 12 mm hot forged bars. In order to control the
temperature during the experiment, a K-type thermocouple was spot welded to the sample. A
nickel based lubricant and a graphite foil were used between the sample and the ISO-T anvil
to achieve reduction in both, the temperature gradient and the friction. All the specimens
were heated upto the austenitization temperature of 1050°C at 5°C s! and soaked for 10 s.
They were then cooled down to corresponding compression test temperature in the range of
750-1050°C, at increments of 50°C at the rate of 1°C s*. The specimens were deformed at
constant strain rates of 0.001, 0.01, 0.1, 0.5, 1 and 10 s%; up to a total logarithmic
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deformation of 0.69. Finally, in-situ water quenching was employed to freeze the
microstructure and avoid any meta-dynamic or static phenomena that could occur after hot
deformation. Barrelling coefficient was calculated for the compressed samples. B= lodo?/Isdf?,
where, I is the average length of deformed test piece and dr is the average diameter of

deformed test piece.

The values of flow stress at compressive strain of 0.6 were obtained from the flow curves
corresponding to the specific temperature and strain rate and used for calculations. The flow
stress data obtained at higher strain rates (10, 1, 0.5, 0.1, and 0.01 s%) was corrected for
adiabatic temperature rise using linear interpolation between In (o) and 1/T (T is in K) at
constant strain and strain rate (Goetz and Semiatin, 2001). The corrected flow data was
utilized to obtain different parameters like efficiency of power dissipation # and instability
parameter x using equations (2.2.5.4) and (2.2.5.8), respectively. The processing maps were
made with the help of Origin 7.5 software.

3.7.2 Grain Refinement

The grain size of the samples prepared at various strain rates and temperatures were found
out using ASTM E112-13 line intercept method. The grain refinement results were also

correlated with the Zener-Hollomon parameter (Z) values.

3.7.3 Processing Map

Processing map for 0.6 true strain is plotted based on the modified dynamic materials model
proposed by Murty and Rao (Murty et al., 2003). The iso-efficiency (#) lines are shown in the
plot of log & versus T. The instability parameter (x) domains which are shown as shaded

area, is superimposed.
Thus, the experimental procedure has been designed to:

» design and prepare steels having high phosphorous

» study the diffusion of phosphorous during the growth of y grains in a matrix and vice
versa

» heat treat and hot work the steels in the (o+y) region and study the mechanical

properties
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» study the corrosion behaviour of the high phosphorous steels, especially that having
the best impact properties

» study the effect of hot deformation temperatures and strain rates on the
microstructures and grain sizes of the high phosphorous steels

» identify the safe processing window

The results obtained during the experiments and the discussions regarding the findings are
presented in the next chapter.
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Chapter 4

RESULTS AND DISCUSSION

This chapter is divided into five major sections. The first section describes the phase
transformation studies and the microstructural aspects of the as cast, hot forged and heat-
treated samples. The second section discusses the mechanical properties of the samples.
Chloride induced depassivation of the samples in saturated Ca(OH)2 solution is elaborated
upon in the third section. The fourth section is devoted to the microstructural evolution and
ferrite grain refinement of the steels. The fifth section delves into the determination of the

safe hot working domains for S1 steel.

The phase transformation studies were conducted to understand the partitioning of
phosphorous and carbon during the growth of austenite grains from ferrite phase and vice
versa. Since phosphorous is a ferrite stabilizer and carbon is an austenite stabilizer, they will
move in opposite directions during high temperature holding or working in the intercritical
phase field of (a+y). This will create the desirable effect of removing phosphorous away from

the grain boundaries and result in improved toughness.
41 PHASE TRANSFORMATION

Dilatometry studies were conducted using a thermo-mechanical simulator (GLEEBLE
3800®) and the results are reported in Fig. 4.1.1 and Table 4.1.1. S2 steel with higher silicon
shows a higher Ar: transformation temperature when compared with S1 steel. Silicon is a
ferrite stabilizer and therefore, causes the Ary temperature to increase (Durand-Charre, 2004).
S3 steel contains higher nitrogen than S2 steel, and hence shows lower Ari and Ars
temperatures. Nitrogen being an austenite stabilizer should expand the gamma phase field

and hence cause the transformation temperatures to fall (Durand-Charre, 2004).

Table 4.1.1: Transformation temperatures of the 3 high phosphorous steels determined by

dilatometry studies conducted in a thermo-mechanical simulator (GLEEBLE 3800®)

Transformation temperature | S1 steel | S2 steel | S3 steel
Ari (°C) 790 813 805
Ars (°C) 965 941 925
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Fig. 4.1.1. (a) Results of the CCT test conducted on the S1 steel using a thermo-mechanical
simulator (GLEEBLE 3800®); points of inflection correspond to the Ar; and Ars
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Fig. 4.1.1. (b) Results of the CCT test conducted on the S2 steel using a thermo-mechanical
simulator (GLEEBLE 3800®); points of inflection correspond to the Ar1 and Ars

temperatures
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Fig. 4.1.1. (c) Results of the CCT test conducted on the S3 steel using a thermo-mechanical
simulator (GLEEBLE 3800®); points of inflection correspond to the Ar; and Ars

temperatures
42 METALLOGRAPHY

The specimens of S1, S2 and S3 steels were heat treated at 900°C for 1 h and subsequently,
the samples were subjected to furnace cooling, air cooling and water quenching to obtain
three sets. As cast steels and hot forged steels were used to obtain another 2 sets. Micrographs
of these sets are shown in Fig. 4.2.1. Pearlite grains can be seen in all the three compositions
in the as cast condition, and this is shown in Fig. 4.2.2a. All the three compositions show
ghosting features typical of high phosphorous steels in the hot rolled condition. The
micrograph of hot forged S2 is shown in Fig. 4.2.2Db. It is reported that phosphoric irons show
a watery, shimmering, ghosting microstructure when etched with nital solution (Stead, 1915)
(Sahoo and Balasubramaniam, 2007a) (Sahoo and Balasubramaniam, 2007b) (Stewart et al.,
2000Db) (Stewart et al., 2000a). This ghosting is not visible in specimens hot forged at 1150°C
and cooled in air. Thus, the partitioning of phosphorous between ferrite and austenite is not
produced by itself on cooling after the transformation at higher temperatures.
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Fig. 4.2.1. Optical micrographs of the steel samples etched with 2 % nital solution

Etching action of Oberhoffer’s reagent: Copper is precipitated first on low phosphorus
regions (Stewart et al., 2000b). Hence, optical observation after etching shows that the high
phosphorus areas (e.g., ferrite) appear light while those low in phosphorus (e.g., prior
austenite) appear dark (Fig. 4.2.3).
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S1 steel, As cast S2 steel, hot forge and hot roll at 900°C,
air cool

Fig. 4.2.2. Optical micrographs of the steel samples etched with 2 % nital solution at higher

magnifications
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Direction of diffusion o

phosphorous

Fig. 4.2.3. Microstructure of S3 steel heated at 865°C for 24 h, water quenched, and etched
with Oberhoffer’s reagent

In order to understand the partitioning of phosphorous between prior phases of o and y during
the growth of austenite grains in a ferritic matrix, the samples were heated to 865°C and held
at that temperature for 20 min, 1 h, 4 h and 24 h. 865°C was chosen as it is situated at the
middle of the (oty) phase field of S3 steel. Since the sample has been heat treated in the
(o+y) phase field for a given amount of time, alpha and gamma phases were formed at that
temperature. Austenite was formed by a diffusion controlled nucleation and growth
mechanism at the expense of ferrite. The dark coloured austenite grains start to form as

allotriomorphs at the grain boundaries of the ferrite grains when the steel was held for 20 min
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at the afore-mentioned temperature. The white and light grey portions, i.e., bulk ferrite grains,
are rich in phosphorous. As the time of holding progresses, the grains of austenite keep
growing progressively at the expense of ferrite. Prolonged heating caused competitive
coarsening and spheroidization of the phases as they approached equilibrium. The
partitioning of phosphorous between the ferrite regions and the austenite regions continues up
to 24 h. The largest grains are observed at 24 h of holding time since a duplex phase
microstructure is well developed after 24 h. There is no evidence of a concentration gradient
as revealed by the Oberhoffer's reagent at this stage suggesting that equilibrium has been
attained. The prior gamma phase was transformed to low phosphorous and high carbon ferrite
on quenching which was done to preserve the state of the material at that temperature. Copper
deposition renders the low phosphorous region red. The contrast is enhanced to obtain the
micrographs. The drawback is that on some occasions scratch lines are also highlighted.
Thus, the low phosphorous and high carbon prior austenite transformed to ferrite on
quenching shows dark contrast and high phosphorous and low carbon duplex phase ferrite
shows light contrast in the micrographs (Fig. 4.2.4). The austenite morphology conformed to
the Dube classification system and included allotriomorphs, idiomorphs and sawtooth (Dube
et al., 1958). Observing at higher magnification reveals that the initial austenite formed had
needle type morphology since it showed either spherical or oblong shapes in the micrographs.
The austenite grains showed lower phosphorous than the bulk ferrite. But the austenite grains
were encircled by a thin region of high phosphorous ferrite which etched white and was
formed due to the diffusing out of phosphorous during the formation of austenite. This light
coloured 'halo’ kept increasing in thickness at longer holding times. As equilibrium is
approached both the contrasts become more and more distinct (Fig. 4.2.4f). The free energy
of ferrite-austenite transformation for S3 steel composition at 865°C was calculated to be -
54.5 kJ/mol, using commercial thermodynamic software (Thermocalc™ database TCFE7)
(Table 4.2.1).

Similar results were obtained on studying the samples heat treated at 900°C for 20 min, 1 h
and at 830°C for 4 h (Fig. 4.2.5a-f). The austenite grains formed at 900°C in 20 min were
thick allotriomorphs and idiomorphs since the driving force is higher at higher temperatures.
There exists a gradient of concentration of phosphorous in the ferrite region. The contrast
between ferrite and austenite grains grows larger when the sample is held at 900°C for 1 h.
The contrasts of prior austenite and ferrite are quite distinct for the specimen held for 4 h at

830°C although some areas show a gradient of phosphorous concentration. The free energy
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of ferrite-austenite transformation for S3 steel at 830°C and 900°C was calculated to be -51.9
and -57.1 kJ/mol respectively, using commercial thermodynamic software (Thermocalc™
database TCFE7) (Table 4.2.1).

S3

865°C, 20 min

865°C, 1h

865°C, 4h

865°C, 24h

A

y

Fig. 4.2.4. Optical micrographs of S3 steel specimens held at 865°C for different times and
etched with Oberhoffer's reagent
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900°C 20min

900°C 1h

Fig. 4.2.5. Optical micrographs of S3 steel specimens held at 830°C and 900°C for different

times and etched with Oberhoffer's reagent

The partitioning of phosphorous between prior phases of a and y during the growth of ferrite
grains in an austenitic matrix was studied by preparing another set of samples. The samples
were heated to 1000°C for 30 min in order to austenitize the samples fully. Then they were
transferred to another furnace held at 805°C and held for 30 min, 1 h, 4 h and 24 h at that
temperature. The ferrite grains nucleate at the austenite grain boundaries and are etched
bright and white by the Oberhoffer's reagent. Phosphorous diffuses towards the ferrite grains
and hence the region surrounding the ferrite grains is depleted in phosphorous. Such a region
etches darker than the phosphorous rich ferrite. Both allotriomorphic, idiomorphic and
sawtooth ferrite can be observed as described in the Dube classification system (Dube et al.,
1958). The ferrite islands have blunt tips. At longer soak times the ferrite grains form a

network. The size of the ferrite grains increase at the expense of the austenite phase till

75



equilibrium is reached and is signified by the distinction of the two grain contrasts to a
maximum (Fig. 4.2.6a-d). In the present case, partitioning of phosphorous between prior
phases of ferrite and austenite at 805°C was not completed even after 24 hours. The free
energy of ferrite-austenite transformation for S3 steel at 805°C was calculated to be -50.1
kJ/mol, using commercial thermodynamic software (Thermocalc™ database TCFE7) (Table
4.2.1).

Table 4.2.1: Calculations of free energies of ferrite-austenite transformation using

commercial thermodynamic software (Thermocalc™ database TCFE7)

Temperature (°C) | Free energy of ferrite-austenite transformation for S3 steel (kJ/mol)
805 -50.1
830 -51.9
865 -54.5
900 -57.1

S3 805°C, 30 min
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o

o

—

805°C, 4 h

< priory = a

= %
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Fig. 4.2.6. Optical micrographs of S3 steel specimens held at 805°C for different times and

etched with Oberhoffer's reagent
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In order to understand the time of heat treatment required for homogenization of
phosphorous, samples were soaked at 865°C for 24 h, water quenched and then re-heated at
750°C for 20 min, 1 h, 4 h and 24 h. The samples showed that the contrast decreased but
remained even in the sample heated for 24 h (Fig. 4.2.7a-d). The rate of diffusion of
phosphorous in austenite is less than that in ferrite. The kinetics of diffusion controlled
austenite-ferrite reaction in the dual phase region is slower than the reverse reaction (Rocquet
and Jegaden, 1951). Further, an estimate of diffusion distances \ (Dt) was made using values
of activation energy and diffusion coefficient quoted in Askill (Askill, 1970) for the
temperature range 700-850°C (Table 4.2.2). The diffusion distance calculated for 24 h at
750°C is 13.1 pum. This is less than that (18.8-46.2 um) required for redistributing
phosphorous evenly as reported by Stewart et al. (Stewart et al., 2000a). Therefore, the
temperature should be increased to above the ferrite-austenite duplex phase region for
achieving quicker removal of inhomogeneity of phosphorous in ferrite (Stewart et al., 2000c).
It should be recognized that the difusion distance is not a straight line distance. It has been

calculated to compare with the diffusion distances required to homogenize phosphorous.

S3 750°C, 20 min 750°C,1h
R g )

1000 X

1000 X

Fig. 4.2.7. Optical micrographs of S3 steel specimens held at 865°C for 24 h, water
guenched, reheated and held at 750°C for different times and etched with Oberhoffer's
reagent
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Table 4.2.2: Estimates of diffusion distances of phosphorus in S3 steel specimens held at
865°C for 24 h, water quenched, reheated and held at 750°C for different times

Length of heat treatment | Estimates of diffusion distances V(Dt) in pm
20 min 1.55
1h 2.7
4 h 5.2
24 h 13.1

X-ray area mapping analysis was conducted on a S3 steel sample held at 865°C for 24 h and
etched with Oberhoffer's reagent in order to confirm the removal of phosphorous (Fig. 4.2.8)
using an SEM. The results of the EDS analysis are qualitative and confirm that dark contrast

regions have lower phosphorous concentrations than lighter regions i.e., ferrite.

Very low P

P

0.63 wt. % P

Fig. 4.2.8. SEM photo of S3 steel sample held at 865°C for 24 h, and water quenched, etched
with Oberhoffer's reagent, displaying X-ray area mapping results for phosphorous

The volume fraction of austenite was calculated by drawing a tie line at 865°C in the ferrite-
austenite duplex phase region of the phase diagram calculated using a commercial
thermodynamic software (Thermocalc™ database TCFE7) for Fe-P system with other
elements as present in S3 steel and finding the phase fractions for 0.13 wt. % P. The ferrite-
austenite duplex phase region of the calculated phase diagram (Fig. 4.2.9) was larger and
expanded as compared to the binary Fe-P phase diagram (Fig. 3.3.1) due to the influence of
the austenite stabilizers such as carbon and nitrogen. The austenite volume fraction was
calculated to be 89.9 wt. %.
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Fig. 4.2.9. Phase diagrams calculated using commercial thermodynamic software

(Thermocalc™ database TCFE7) for Fe-P system with other elements as present in S3 steel

The temperatures of 877.5, 877 and 865°C fall in the middle of the (a+y) regions of S1, S2
and S3 steels. 865°C was chosen for metallographic study of S3 steel. It was understood from
the metallographic studies that phosphorous could be diffused into the ferrite grains and away
from the austenite grains by holding the S3 steel specimens at 865°C between 4 and 24 h.
The magnitude of variation of phosphorous content became negligible on holding S3 steel
specimens at 865°C for a time interval between 4 h and 24 h. An estimate of diffusion
distances V (Dt) was made using values of activation energy and diffusion coefficient quoted
in Askill (Askill, 1970) for the temperature range 860-900°C. The value was estimated to be
10.2 and 25.1 um for S3 steel specimens held at 865°C for 4 and 24 h. S3 steel specimens
should be held at 900°C for a time period between 1.9 to 11.6 h to allow the phosphorous to
travel the same diffusion distances and reach similar equilibrium distribution of phosphorous
between austenite and ferrite. This is lower than that required at 865°C. Stewart et al. (Stewart
et al., 2000a) found that the amount of inhomogeneity in phosphorus content within Fe-0.2P
steel held at 900°C and 4 h was very low as revealed by Oberhoffer's reagent and that the
variation was nil at 24h. At 24h, the grain sizes are very large. Accordingly, a temperature had
to be chosen to heat treat or hot work, all the three high phosphorous steels to bring about the
desired removal of phosphorous from the grain boundaries of the steels, resulting in improved
toughness. Therefore, keeping the above discussion in mind, a temperature of 900°C and
holding times of 1 and 6 h were chosen for the study on mechanical properties of the high
phosphorous steels and their comparison with earlier work.
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43 MECHANICAL PROPERTIES

The toughness of high phosphorous steels can be improved by removing phosphorous from
the grain boundaries by utilizing alloying elements and heat treatment and hot working in the
(at+y) phase field (Gouthama and Balasubramaniam, 2003; Sahoo and Balasubramaniam,
2007a). Accordingly, the S1, S2 and S3 steels are forged and heat treated or hot rolled at
900°C for various times and the mechanical properties are studied in this section. The
microstructures of cast, hot forged and hot forged and heat treated samples are studied using
optical microscope (Fig. 4.3.1a-i). The cast specimens show pearlite and coarse ferrite grains.
Fine grain size is obtained owing to the hot forging treatment. There is no apparent influence
of the composition of the phosphorous steels on the grain size. The grains of the forged and
heat treated samples are larger than the hot forged samples (Table 4.3.1).

= R

Cast

S1(X1) S2 (X1) S3 (X1)

Hot forged

S1(X2) S2 (X2) S3 (X2)

Hot forged+heat treated

B

S1 (X3) S2 (X3) S3 (X3)

Fig. 4.3.1. Microstructures of S1, S2, and S3 steels in X1, X2 and X3 conditions; etched with

2 % nital solution
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Table 4.3.1: Change in grain size due to heat treatment of hot forged steels

Specimen| Field 1 Field 2 Mean | Specimen| Field 1 Field 2 Mean
(um) (pm)

S1X2 16.4 15.7 16.1 S1X3 31 27.7 29.4
S2X2 121 17.9 15 S2X3 41.5 39.8 40.7
S3X2 16.4 15.3 15.9 S3X3 19.3 225 20.9

The fracture surfaces of the uniaxial tensile test samples of S1, S2 and S3 steels were studied
in the cast, hot forged and hot forged and heat treated condition using SEM. The images of the
cast specimens show brittle behaviour. The images of the hot forged, and hot forged plus heat
treated specimens show ductile behaviour in the form of conical equiaxed dimples (Fig.
4.3.2a-1). S2X2 has the smallest dimples indicating a lower tendency for localized
deformation.

4

(X2)

n_ B
2 (X3)

Cast

Hot forged

Hot forged+heat treat

Fig. 4.3.2. SEM images of the tensile test samples of S1, S2, and S3 steels in X1, X2 and X3

conditions
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The fracture surfaces of the Charpy V-notch impact test specimens of the hot forged and
subsequently heat treated steels show more than 70% shear fracture appearance (Fig. 4.3.3.a,
i-ix) calculated as per ASTM standards (ASTM E 23-12c, 2013). The twisted edges bear
testimony to ductile mode of fracture. The fracture surfaces of the cast samples display brittle

failure.

Cast

Hot forged

Hot forge+heat treat

S1(X3) 32 (X3) S3 (X3)

Fig. 4.3.3a. SEM images of the fractured impact test samples of S1, S2, and S3 steels in X1,
X2 and X3 conditions

The fracture surfaces of the impact test samples of S1, S2 and S3 steels were also studied in
the cast, hot forged, and hot forged plus heat treated condition using SEM. The images of the
cast specimens show brittle behaviour. The images of the hot forged, and hot forged plus heat
treated specimens show parabolic dimples signifying ductile behaviour (Callister and
Rethwisch, 2014) under shear loading (Fig. 4.3.3b, i-ix).
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Hot forge+heat treat

SO T203) S3 (X3)

Fig. 4.3.3b. SEM images of the fractured impact test samples of S1, S2, and S3 steels in X1,
X2 and X3 conditions at higher magnification

The SEM-EDS studies reveal that phosphorous segregation is present in the cast sample of S1
steel (Fig. 4.3.4a). Particles having high concentration of phosphorous and iron are detected
near the grain boundaries. This segregation can be remedied by suitable alloying and
application of thermo-mechanical processing like hot forging, hot rolling and ferrite-austenite
duplex phase heat treatments (Sahoo and Balasubramaniam, 2007a). The surface of the
fractured impact test sample of forged S1 steel and that of the tensile test sample of forged S2
steel, show that disc shaped or spherical features contain high amounts of Al, O, Mn and S.
This means that the fracture is facilitated by MnS and Al>Oz inclusions (Fig. 4.3.4 b, c). The
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heat treated sample of S3 steel shows that the grain boundary contains significant amounts of
carbon and no phosphorous while the grain interior contains substantial amounts of
phosphorous and no carbon (Fig. 4.3.4 d). This implies that the combination of the alloy
design scheme, and the ferrite-austenite duplex phase heat treatment has caused phosphorous

to move away from the grain boundaries and into the grain interior.

|| Element Weight %
{| OK 47.39

| AIK 6.01

Si K 21.34

Weight% | Mn K 5.39
0.85 1| FeK 19.86
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AIK 7.17 i e i Weight%
SK 3.50 it ) 0.75
Mn K 12.60 K - - 0.29

Fe K 73.13 Lo “u 98.95

Fig. 4.3.4. Surface morphology and EDS quantification: (a) as cast S1X1; (b) impact test
sample of S1X2; (c) tensile test sample of S2X2; (d) different areas on S3X3

The typical stress strain curves for the tensile tests of the steels in X1, X2 and X3 conditions
are shown in Fig. 4.3.5 a, b and c. The cast samples do not show yield point phenomenon as is
observed in the case of dual phase steels (Tyagi et al., 2004). The hot forged samples show
prominent yield point phenomenon. The hot forged and heat treated samples show a subdued
yield point phenomenon as compared to the plots of the hot forged samples except in the case
of S2X3. The hot forged and heat treated sample plots display higher elongation and lower
strength than the hot forged sample plots. Thus, the heat treatment in the (o+y) region helps in
improving ductility.
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Fig. 4.3.5. (a) Engineering stress-strain curves of as cast high phosphorous steels
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Fig. 4.3.5. (b) Engineering stress-strain curves of hot forged (1150°C) high phosphorous

steels
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Fig. 4.3.5. (c) Engineering stress-strain curves of high phosphorous steels, hot forged and then
heat treated at 900°C for 6 h

The mechanical properties of the steels prepared in this study are shown in Table 4.3.2. The
cast specimens showed poor values for impact toughness. The hot forged specimens show
much better mechanical properties as compared to the as cast samples. The yield strength
(YS) and ultimate tensile strength (UTS) of S1X2 and S3X2 steels decreases on heat
treatment due to the increase in grain size and the effect of intercritical heat treatment. The YS
and UTS of S2X2 do not decrease even though grain size increases. Silicon tends to lower the
stacking fault energy of austenite (Bhadeshia and Honeycombe R W K, 2006). This means
that the cross-slip and climb of dislocations will be more difficult, leading to higher yield
stress. Silicon being a ferrite stabilizer raises the critical temperatures and reduces the width
of the (a+y) phase field. This would reduce the formation of austenite grains around the ferrite
grains at 900°C in the case of S2X3. This could reduce the removal of carbon from the ferrite
grain interiors by diffusion into the austenite grains. Thus, the resulting microstructure shows
high yield stress even after heat treatment in the (o+y) phase field. The scatter in toughness
values of X2 condition is reduced after heat treatment. The YS and UTS of S1X2 compare
well with the Fe-0.11P steel studied by Sahoo (Sahoo and Balasubramaniam, 2007a). The
UTS values of S1X3 are similar to those reported by Hopkins (Hopkins and Tipler, 1958).
The UTS values of the hot forged, and hot forged plus heat treated steels are above 400 MPa
(Table 4.3.2) which are similar to those found by Davies (Davies, 1979) and Stewart and co-
workers (Stewart et al., 2000c). The total percentage elongation is above 33 % and the %
reduction in area is above 46 % for the steels studied in hot forged and heat treated condition
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(Table 4.3.2) which compare well with Panigrahi et al. (Panigrahi et al., 2009), and Stewart et
al. (Stewart et al., 2000c). The Impact energy values of the forged and heat treated steels are
above 200 J (Table 4.3.2) which is better than the half width charpy values recorded by
Panigrahi (Panigrahi, 2010b), Panigrahi and Jain (Panigrahi and Jain, 2002) and Spitzig and
Sober (W. A. Spitzig and Sober, 1977) and the full width energy value of 118+7.8 J recorded
for Fe-0.09C-0.37Si-0.42Mn- 0.15P- 0.37Cr- 0.35Cu- 0.31Ni-0.03Al steel by Sahoo et al.
(Sahoo et al., 2015). The scatter in the impact values is reduced by the heat treatment.
Toughness of the hot forged and heat treated samples is found to be better than the hot forged
samples. The strain hardening exponent (n) of these steels varies between 0.3-0.38 (Table
4.3.2) which is similar to that found by Hu (Hu, 1976) and Davies (Davies, 1979). The
ductility of the material is higher in deformation processing operations like wire drawing and
deep drawing of sheets for higher strain hardening exponents (Dieter, 1988; Gouthama and
Balasubramaniam, 2003; Hu, 1976). The UTS/Y'S ratios of all the steels are equal to or above
1.25 which meets the requirements of ASTM A 706 (ASTM A706, 2016). The UTS values of
forged S3 steel are very close to the requirements of the standard for concrete reinforcement
(Indian Standard 1786, 2008).

Table 4.3.2: Mechanical properties of S1, S2, and S3 steels in X1, X2 and X3 conditions

Specimen YS UTS | UTS/ | EI | Reductionin Strain Impact
processing | (MPa)| (MPa) YS | ()| area (%) hardening energy

condition ratio exponent (n) (J)
S4 407.1 | 478.7 | 1.18 |19.4 63.2 0.27 222.2
+1.3 | 2.3 +2.0 +3.6 +0.01 +2.7

S1X1 2106 | 3683 | 1.75 |33.2 55.5 0.38 7.5
+12.9| 3.6 +1.7 +3.2 +0.01 +0.3
S1 X2 311.3 | 4238 | 137 |316 63.7 0.31 174.3
+18.9 ( +12.4 15.1 +8.3 +0.02 +22.6

S1 X3 2415 3946 | 164 |37.3 47 0.34 196
+11.6 | +11.4 +1.9 +1.4 +0.01 +13.6

S2 X1 220.8 | 379.6 | 172 |32.8 54.3 0.38 8.8
+85 | +4.2 +4.5 +3.2 +0.01 +0.7
S2 X2 325 | 4242 | 132 |285 68.7 0.32 264.3
+21.3| #4.1 +3.9 +1.5 +0.03 +11.8
S2 X3 3274 | 4346 | 133 |34.9 48.1 0.32 279.4
+21.2 | 184 +0.9 +4.2 +0.01 +16.5

S3 X1 203.6 | 3574 | 175 |21.8 29.7 0.38 8.1
+3.9 +6 +4.6 18.7 +0.01 +0.3
S3 X2 375.6 | 465.1 | 124 |305 68.4 0.3 247.3
+54 | 4.9 +1.1 +3.7 +0.01 +29.3
S3 X3 297 | 4249 | 1.43 | 334 46.2 0.34 284.5
+9.1 | +8.6 +2.5 +2.7 +0.01 +11.4
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The yield strength of hot forged S1 steel and S3 steel falls by about 20 % on heat treatment
while the grain size increases by 81 % for S1 steel and 31 % for S3 steel (Table 4.3.1 and
4.3.2). Similarly the UTS values of hot forged S1 steel and S3 steel fall by about 7 % and 9 %
respectively on heat treatment. The heat treatment causes the interstitial elements like C and N
to displace the phosphorous atoms from the grain boundary sites to the grain interior giving
rise to the softening of the S1 and S3 steels (Allen, 1963) (Hopkins and Tipler, 1958)(H.
Erhart and Grabke, 1981). The experimental results are compared with the referenced values
in Table 4.3.3.

The steels which are hot forged and subsequently heat treated for 6 h in the ferrite-austenite
duplex phase region offer the best impact properties. This is expected as the heat treatment
causes the interstitial elements like C and N to displace the phosphorous atoms from the grain
boundary sites to the grain interior (Allen, 1963) (Hopkins and Tipler, 1958)(H. Erhart and
Grabke, 1981). Experiments have shown that C and N are not as detrimental to the grain
boundary cohesion as is phosphorous (Suzuki et al., 1985) (Hopkins and Tipler, 1958)(H.
Erhart and Grabke, 1981). Further, carbides act as sites of initiation of fracture in high
phosphorous steels (Suzuki et al., 1985). Silicon which promotes the formation of graphite
when present above 1 wt. % is not carbide former and dissolves in ferrite (Callister and
Rethwisch, 2014)(Avner, 1997)(Bain, 1939)(Ghasemi et al., 2016). Hence, toughness is
improved by reducing the amount of carbides and displacing P away from the grain
boundaries by intercritical heat treatment or working. Accordingly, S3 steel in X3 condition

shows the best impact toughness.
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Table 4.3.3: Comparison of experimental

results with values reported for similar steels in

references
Specimen | Property Value for Value for | Composition of Ref.
processing experimental | reference | reference steel
condition steel steel
S1X2 UTS 423.8 425 Fe-0.11P-0.03C (Sahoo and
(MPa) Balasubramaniam,
2007a)
S1X3 394.6 345 Fe-0.15P-0.05C (Hopkins and
Tipler, 1958)
S2 X3 434.6 400-500 Fe-0.1P (Davies, 1979)
S3 X3 424.9 340 Fe-0.1P (Stewart et al.,
2000c)
S2 X3 El (%) 34.9 20 Fe-0.14C- (Panigrahi et al.,
0.11P-0.75Mn- 2009)
0.33Cu
S3 X3 334 45 Fe-0.1P (Stewart et al.,
2000c)
S2 X3, S3 Impact 279.4] 90 J (half Fe-0.08C- (Panigrahi, 2010b)
X3 toughness width) 0.11P-0.6Mn
() -0.03Si
284.5) 35 J (half Fe-0.14C- (Panigrahi and
width) 0.9Mn-0.1P- Jain, 2002)
0.3Cu
279.4] 67 J (half | Fe-0.1P-0.1C- | (W. A. Spitzig and
width) 1Mn Sober, 1977)
284.5] 118 Fe-0.09C- (Sahoo et al., 2015)
0.37Si- 0.42Mn-
0.15P- 0.37Cr-
0.35Cu- 0.31Ni-
0.03Al
S1X2, n 0.3-0.38 ~0.3 Fe-0.12P-0.01C (Hu, 1976)
S2X2, 0.28-0.31 Fe-0.1P (Davies, 1979)
S3X2
S1X2, UTS/YS >1.25 >1.25 Fe-C (ASTM A706,
S2X2, 2016)
S3X2
S3X2 UTS 465.1 485 Fe-0.3C-0.06P | (Indian Standard

1786, 2008)

Therefore, the intercritical heat treatment of the high phosphorous steels is able to remove

phosphorous from the grain boundaries and improve toughness. The phosphorous is displaced

into the grain interiors where it provides solution strengthening. The presence of carbon at the

grain boundaries is beneficial for grain boundary cohesion.
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4.3.1 Effect of Hot Rolling and Heat Treatment in the (at+y) Region of the Phase

Diagram on Mechanical Properties: A Comparison

The microstructures of the hot forged and heat treated (at 900°C for 1 h and subsequently
normalized; X4) specimens are shown in Fig. 4.3.1.1. The microstructures reveal the
formation of prior austenite grains at the grain boundaries of ferrite grains. These austenite

grains are small and transform to ferrite on cooling to lower temperatures.

TSIX4 ‘ T S2x4 | S3X4

Fig. 4.3.1.1. Optical micrographs of the tensile test samples of hot forged and heat treated (at
900°C for 1 h) high phosphorous steels etched with 2% nital solution

The SEM micrographs of the fracture surfaces of the tensile test samples prepared from hot
forged and heat treated (at 900°C for 1 h) high phosphorous steels show dimples which
confirms ductile fracture (Fig. 4.3.1.2). The shape of the dimples is conical, elliptical and
spherical which is characteristic of uniaxial tensile loading. Elongated dimples are formed
when the propensity for localization of deformation is high. All the three samples show a mix
of small and large dimples. In S3X4 a line feature suggests cleavage along with ductile
dimples. Similarly, the SEM photographs of the fracture surfaces of the Charpy impact test
samples prepared from hot forged and heat treated (at 900°C for 1 h) high phosphorous steels
display dimples suggesting ductile fracture (Fig. 4.3.1.3). The shape of the dimples is
parabolic which is characteristic of fracture resulting from shear loading (Callister and
Rethwisch, 2014). The size of dimples in S2X4 is smaller as compared to the other two. This
indicates that the localization of flow is lower in S2X4 sample. The impact toughness of
S2X4 is the best amongst the three high phosphorous steels in X4 condition (Table 4.3.4).
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Fig. 4.3.1.2. SEM images of the tensile test samples of hot forged and heat treated (at 900°C
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SIX4

for 1 h) high phosphorous steels

Fig. 4.3.1.3. SEM images of the fractured impact test samples of the hot forged and heat

treated (at 900°C for 1 h) high phosphorous steels

The microstructures of the hot forged and hot rolled (at 900°C and subsequently normalized)

high phosphorous steels are shown in Fig. 4.3.1.4. They show ghosting patterns typical of

high phosphorous steels and formation of prior austenite grains at the grain boundaries of

ferrite grains. These patterns signify that the distribution of phosphorous is non-uniform

between the grain interiors and the grain boundaries.

S1X5

S2X5

S3X5

Fig. 4.3.1.4. The microstructures of the three high phosphorous steels hot forged and hot

rolled at 900°C and etched with 2 % nital solution.
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The SEM images of the fracture surfaces of the tensile test specimen of the three high
phosphorous steels, after hot forging and hot rolling at 900°C are shown in Fig. 4.3.1.5.
Presence of spherical, conical and elliptical dimples indicates predominantly ductile failure
attributed to uniaxial loading. These ductile failures are initiated by nucleation of voids at
second phase particles like sulphides and oxides. The voids form either by cracking of the
particles, or by decohesion of the particle/matrix interfaces (Bhadeshia and Honeycombe R
W K, 2006). The SEM images of the fracture surfaces of the impact test specimens of the
three high phosphorous steels after hot forging and hot rolling at 900°C are shown in Fig.
4.3.1.6. Parabolic shaped dimples show extensive plastic deformation before failure due to

shear loading. The presence of dimples points towards predominantly ductile failure.

S1X5 $2X5 $3X5

Fig. 4.3.1.6. SEM images of the fractured impact test samples of the steels hot forged and hot
rolled at 900°C

Fig. 4.3.1.7 displays the engineering stress-strain curves of high phosphorous steels in the
conditions of (a) hot forged and heat treated at 900°C for 1 h and (b) hot forged and
subsequently hot rolled at 900°C. Both the sets of specimens were normalized to room
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temperature. The hot rolled steels show a clear trend of a decrease in strength with an increase

in alloying elements. Yield point phenomenon is prominent in S2 steel (Fig. 4.3.1.7.b).
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Fig. 4.3.1.7. (a) Engineering stress-strain curves of high phosphorous steels: hot forged and
heat treated at 900°C for 1 h
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Fig. 4.3.1.7. (b) Engineering stress-strain curves of high phosphorous steels: hot forged and
hot rolled at 900°C
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The mechanical properties of these steels which were hot forged and subsequently heat
treated for 1 h at 900°C are shown in Table 4.3.4. The properties for X4 condition are near
those observed for X3 condition. The toughness values are much better for X3 condition (6h
heat treatment) as compared to the 1 h heat treatment of X4 condition, in the case of S2 and
S3 steels. The YS and UTS of S3 steel are better in X3 condition as compared to those
recorded in X4 condition. This implies that a 6 h heat treatment gives better properties than a
1 h heat treatment. The strength of the high phosphorous steels is near 400 MPa and the
elongation exceeds 33% in X4 condition. The impact values are comparable with those of the
plain carbon steel. The strength and toughness values for S2 steel are found to be better than
those recorded for S1 steel and S3 steel although the scatter in toughness readings is more

pronounced for S2 steel.

Table 4.3.4: Mechanical properties of the steels, hot forged and subsequently heat treated at
900°C for 1 h

Specimen YS (MPa) UTS (MPa) Elongation (%) Impact energy (J)
S1(X4) 229.848.3 392.5+10.6 35.3+2.6 205.1+9.9
S2(X4) 327.5+26.7 421.7+9.8 34.6+0.8 239.2+16.9
S3(X4) 258.6+£19.2 396.6+13.8 33.6+1.5 233.1+£5.7

Table 4.3.5: Mechanical properties of steels hot forged and hot rolled at 900°C

Specimen YS (MPa) UTS (MPa) Elongation (%) Impact energy (J)
S1(X5) 319.5+12.6 444.7+12.8 30.245.8 181.2+9.1
S2(X5) 244.5+6.8 388.1+20.7 36.5+2.2 194.5+£9.7
S3(X5) 137.7+£17.8 292.7+£18.8 35.313.1 205.1+13.2

The mechanical properties of these steels which were hot forged and subsequently hot rolled
at 900°C (X5) are shown in Table 4.3.5. The elongation of these steels exceeds 30%. The hot
rolled specimens indicate a decreasing trend in the strength values from S1 steel to S3 steel.
The toughness improves from S1 steel to S3 steel. In the heat treated samples no such trend
can be observed. Overall, it appears to be possible that the removal of phosphorous from the
grain boundaries and the resulting softening is better achieved by the dynamic
recrystallization occurring during hot rolling than by heat treatment in the (o+y) region for

short times such as 1 h.
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4.3.2 Hardness Test

The Vickers hardness values (10 kgf load and 15 seconds dwell time) of the three prepared
high phosphorous steels in different processing conditions were found out and are reported in
Table 4.3.6:

Table 4.3.6: Vickers hardness results of the three prepared high phosphorous steels in

different processing conditions

Specimen S1 steel S2 steel S3 steel Trend

X1 150 145 142 Decreasing
X2 170 167 178 -
X4 154 160 159 -
X5 142 161 134 -
Water quench 167 142 170 -
Annealed 120 127 126 -
Normalized 142 133 147 i

A clear decreasing trend was found in the X1 (as cast condition) samples alone. But this trend
did not match with the trend in the tensile strength values of the high phosphorous steels. The
other conditions did not show a clear trend. The hot forged steels (X2) show a higher hardness
than the as cast (X1) samples. This correlates well with the higher UTS for X2 condition as
compared to X1 condition. The X3 samples which were heat treated at intercritical
temperatures show lower hardness than the hot forged samples (X2). This shows that the
material softened on heat treatment. The water quenched samples show a higher hardness than
the normalized samples. The normalized samples are harder than the annealed samples.
Generally the hot rolled samples (X5) shows lower hardness than the heat treated samples

(X4) indicating that hot rolling is preferable over heat treatment for softening the material.

Thus, it can be concluded that the toughness of high phosphorous steels can be improved by
heat treating the specimens in the (a+y) region of the phase diagram. The same effect is also
possible by hot working in the (a+y) region of the phase diagram. The latter has been found to

be more effective in softening the high phosphorous steels.
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44  CORROSION BEHAVIOUR

Now the corrosion behaviour of the high phosphorous steels in saturated Ca(OH)2 solution
without/with chloride ions is studied and compared to the plain carbon steels. Occurrence of
passivity of steel is controlled by the pH value of the solution and not by the cation
(Oranowska and Szklarska-Smialowska, 1981). Earlier work has shown that results of
electro-chemical tests conducted in saturated Ca(OH). are similar to those obtained in
concrete (Génin et al., 2002). Therefore, saturated Ca(OH)2 solution with pH 12.5 was chosen
(Oranowska and Szklarska-Smialowska, 1981) to simulate concrete pore solution which has a
pH between 9 and 14 depending on carbonation, type of cement, etc.

The toughness of the high phosphorous steels designed and prepared in this work have been
found to be comparable to that of plain carbon steel. The next step is to compare the
corrosion behaviour of these steels with carbon steel in an environment similar to that
encountered by rebars when embedded in concrete. The corrosion resistance of steel is best in
the annealed condition. So initially the high phosphorous steels were studied in annealed
condition in saturated Ca(OH). solution without/with chloride ions in various concentrations.

Later, the steel with the best toughness (S3X3) was studied in a similar way.

4.4.1 Anodic Polarization Behavior

Fig. 4.4.1 shows the anodic polarization curves of the processed steel samples tested in
saturated Ca(OH): solution containing various Cl~ ion concentrations (in weight %). All the
samples exhibit passive behaviour in this solution. This conforms to the Fe-water En-pH
diagram of 298.15 K. The range of passivity decreases as the CI~ content increases beyond a
threshold value. In all the curves for all the samples immersed in solution with 0.05 wt. % CI™
and without chloride, current density increases at about 650 mVsce which is attributable to O
evolution and is dependent on pH. Beyond a critical chloride concentration, the corrosion
current registered a drastic increase during the experiment preceding the oxygen evolution. In
the presence of Cl™ ions, the pitting potential became more negative towards the active side.
For each steel composition, the pitting or passive film breakdown occurred when the chloride
concentration exceeded a critical amount. The threshold value of CI™ ion concentration for the
initiation of pitting is determined as 0.1 wt. % CI™ for S1, S2 and S3 steels while it was 0.06
wt. % CI for the S4 steel. At these concentrations the pitting potential of the steel samples
was lower than the oxygen evolution potential. Tests were also carried out in solutions
containing 0.14 wt. CI™ in order to confirm the lower pitting potential of the steels. Other

researchers have reported threshold values of 0.05 wt. % CI™ for AISI 1010 steel (Moreno et
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al., 2004), 0.06 wt. % CI~ for Fe-0.15C steel and 0.1 wt. % CI™ for Fe-0.11P steel (Sahoo and
Balasubramaniam, 2008). Thus, S1, S2 and S3 steels are more resistant to pitting than S4

steel as their threshold chloride is found to be higher in this work.

The pitting nucleation or generation resistance (R) can be defined as the difference between
the zero current or corrosion potential (ZCP) and the pitting nucleation potential (Epit) or the
passive film breakdown potential (Bethencourt et al., 1998, 1997). These values were
estimated from the potentiodynamic polarization curves and tabulated in Table 4.4.1.1. The
pitting generation resistance decreased with an increase in chloride concentration in general.
The pitting nucleation resistance of high phosphorous steels was significantly higher than that
obtained for mild steel, especially above 0.06 wt. % chloride concentration. The mild steel
specimen showed a drastic decrease in the pitting resistance beyond 0.06 wt. % chloride
concentration. The corrosion potential and hence the pitting resistance value did not follow

any particular trend.
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Fig. 4.4.1. Potentiodynamic polarization curves of S2, S2, S3 and S4 steels obtained in

saturated Ca(OH)2 solution having various chloride concentrations
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Table 4.4.1.1: Pitting nucleation resistance R= | ZCP'Epitl in mV for high phosphorous steels

and mild steel specimens in saturated calcium hydroxide solution, with and without chloride

Sample 0.0CI~ 0.05 CI- 0.06 CI- 0.1CI" 0.14 CI-
S1 1070 1062 - 1075 901
S2 1064 1135 - 1036 720
S3 1032 1024 - 1128 627
S4 979 1072 736 624 476

442 OCP and LPR Studies

For all steel samples, the open circuit potential and the linear polarization resistance were
recorded after 15 min, 5 h and 21 h. The LPR values were used to calculate icorr using Eq.
3.6.2.3. Fig. 4.4.2 shows the variation of the OCP and icorr for the samples S1, S2, S3 and S4
steels exposed to aerated saturated solution of Ca(OH). containing various chloride
concentrations. The OCP of S3 steel shifted towards noble direction while the icorr values
decreased with time of dipping in all solutions. Similar trends were observed in the case of S1
and S2 steels too. This trend implies that with increasing immersion time the steel became
nobler (MacDougall and Graham, 1995). It has been reported that as the anodic curve shifts
to lesser current densities, the Ecorr increases and icorr decreases (Kelly et al., 2003). In the
case of S4 steel immersed in solutions containing 0.05 wt. % and 0.1 wt. % CI-, there is an
overall decline in OCP with the immersion time which suggests increased corrosion. The icorr
values of S4 steel did not show a corresponding overall increase. The OCP values indicate
that the critical chloride concentration for initiation of pitting could be 0.05 wt. % and is

probably lower than that of the high phosphorous steel samples.
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Fig. 4.4.2. Variation of the OCP and icorr for S1, S2, S3 and S4 steel samples exposed to
saturated Ca(OH)2 solution containing various chloride concentrations

4.4.3 Electrochemical Impedance Spectroscopy

Fig. 4.4.3.1 to Fig. 4.4.3.12 shows the Nyquist, Bode magnitude and Bode phase plots of S1,
S2, S3 and S4 steels in saturated solution of Ca(OH)2 containing 0.1 wt. % CI™ at different
times of immersion. For S1, S2 and S3 steels, the impedance escalated with time in all
solutions. The impedance responses of S1, S2 and S3 steels in saturated solution of Ca(OH)2
without chloride and that having 0.05 wt. % CI~ were similar to those obtained in solution
having 0.1 wt. % CI™. This variation in response was also found similar to that of S4 steel in
Ca(OH)2 solution containing zero and 0.05 wt. % chloride. A different impedance response

was recorded for S4 steel in Ca(OH). solution with 0.1 wt. % chloride concentration.

The Nyquist plot of S1 steel (Fig. 4.4.3.1.) immersed in saturated Ca(OH)2 solution for 21 h
without chloride shows a real impedance of 93.1 kQ.cm?. Real impedance for the same steel
immersed in saturated Ca(OH)2 solution with 0.05 wt. % chloride concentration for 21 h
drops to 73.2 kQ.cm?. The real impedance further drops to 52.5 kQ.cm? on immersion in
saturated Ca(OH). solution with 0.1 wt. % chloride concentration for 21 h. Therefore, the

increase in chloride concentration lowers the real impedance values.
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Fig. 4.4.3.1. (a) Nyquist plots of S1 steel in saturated Ca(OH)2 solution without CI~
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Fig. 4.4.3.1. (b) Nyquist plots of S1 steel in saturated Ca(OH). solution with 0.05 wt. % CI~
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Fig. 4.4.3.1. (c) Nyquist plots of S1 steel in saturated Ca(OH)2 solution with 0.1 wt. % CI~

The Nyquist plot of S2 steel (Fig. 4.4.3.2.) immersed in saturated Ca(OH)2 solution for 21 h
without chloride shows a real impedance of 119 kQ.cm?. The real impedance drops to 47.8
kQ.cm? on immersion in saturated Ca(OH). solution with 0.1 wt. % chloride concentration

for 21 h. Therefore, the increase in chloride concentration depresses the real impedance

values.
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Fig. 4.4.3.2. (a) Nyquist plots of S2 steel in saturated Ca(OH)2 solution without CI™
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Fig. 4.4.3.2. (b) Nyquist plots of S2 steel in saturated Ca(OH). solution with 0.05 wt. % CI~
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Fig. 4.4.3.2. (c) Nyquist plots of S2 steel in saturated Ca(OH)2 solution with 0.1 wt. % CI~

The Nyquist plot of S3 steel (Fig. 4.4.3.3.) immersed in saturated Ca(OH)2 solution for 21 h
without chloride shows a real impedance of 490 kQ.cm?. The real impedance drops to 45.5
kQ.cm? on immersion in saturated Ca(OH), solution with 0.1 wt. % chloride concentration

for 21 h. Therefore, increasing chloride concentration decreases the real impedance values.
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Fig. 4.4.3.3. (a) Nyquist plots of S3 steel in saturated Ca(OH)2 solution without CI~
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Fig. 4.4.3.3. (b) Nyquist plots of S3 steel in saturated Ca(OH). solution with 0.05 wt. % CI~
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Fig. 4.4.3.3. (c) Nyquist plots of S3 steel in saturated Ca(OH)2 solution with 0.1 wt. % CI~

The Nyquist plot of S4 steel (Fig. 4.4.3.4.) immersed in saturated Ca(OH)2 solution for 21 h
without chloride shows a real impedance of 425 kQ.cm?. Real impedance for the same steel
immersed in saturated Ca(OH)2 solution with 0.05 wt. % chloride concentration for 21 h
drops to 235 kQ.cm? The real impedance further drops to 32.8 kQ.cm? on immersion in
saturated Ca(OH)2 solution with 0.1 wt. % chloride concentration for 21 h. Therefore, the real
impedance values are lowered with increase in chloride concentration.
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Fig. 4.4.3.4. (a) Nyquist plots of S4 steel in saturated Ca(OH)2 solution without CI™
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Fig. 4.4.3.4. (b) Nyquist plots of S4 steel in saturated Ca(OH). solution with 0.05 wt. % CI~
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Fig. 4.4.3.4. (c) Nyquist plots of S4 steel in saturated Ca(OH)2 solution with 0.1 wt. % CI~

A capacitive loop of depressed semicircles is seen in the Nyquist plots of S3 steel (Fig.
4.4.3.3c). Further, with increase in immersion time the capacitive part increases. Again, with
escalation in immersion time, the polarization resistance or the real impedance increases.

Opposite trend is seen in the Nyquist plot of S4 steel (Fig. 4.4.3.4c) i.e., as the time of
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immersion increases there is a decline in the polarization resistance and capacitive
component. The capacitive part increased and therefore, capacitance decreased with time of
immersion for S1, S2 and S3 steels (Fig. 4.4.3.1 to Fig. 4.4.3.3). A decrease in capacitance as
observed in the case of S1, S2 and S3 steels implies that a thicker and more protective passive
layer is formed with increasing time of immersion. However, the capacitance increased and
capacitive part decreased with immersion time, due to an increased double layer charge
owing to corrosion of S4 steel in (Ca(OH)> + 0.1 CI") solution (Fig. 4.4.3.4c). Real
impedance decreased with immersion time indicating breakdown of passive film. Thus, S1,

S2 and S3 steels can withstand 0.1 CI~ whereas mild steel cannot.

The Bode magnitude plot of S1 steel immersed in saturated Ca(OH), solution for various
times is shown in Fig. 4.4.3.5. It shows that the straight line portion with a slope of —1
decreases in length as the concentration of chloride increases. Therefore, the increase in

chloride concentration affects the passive film adversely.
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Fig. 4.4.3.5. (a) Bode magnitude plots of S1 steel in saturated Ca(OH)2 solution without CI™
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Fig. 4.4.3.5. (b) Bode magnitude plots of S1 steel in saturated Ca(OH). solution with 0.05 wt.
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Fig. 4.4.3.5. (c) Bode magnitude plots of S1 steel in saturated Ca(OH)2 solution with 0.1 wt.
% CI”

The Bode magnitude plot of S2 steel (Fig. 4.4.3.6.) immersed in saturated Ca(OH)2 solution

for 21 h shows that the straight line portion with a slope of —1 decreases in length as the
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concentration of chloride increases from 0 to 0.1 wt. %. Therefore, the increase in chloride

concentration weakens the passive film.
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Fig. 4.4.3.6. (a) Bode magnitude plots of S2 steel in saturated Ca(OH)2 solution without CI™

5.5 - ® 15 min
® 5h
5.0 4 21h
4.5 -
NE 4.0 - 0-05 CI_
©
S 3.5
N
o 3.0
o
2.54 S2
2.0 e R e w e e w e o
1-5 T bl | L] . | T T L]
2 -1 1 2 3 4 5
(b) log f (Hz)

Fig. 4.4.3.6. (b) Bode magnitude plots of S2 steel in saturated Ca(OH)2 solution with 0.05 wt.

% CI”

109



5.5 —=—15min
] —e—5h
5.0 - 21h
4.5
<C 4.0-
g 0.1CI”
g 3.54
~
o 3.0
o .
2.5-
- S2
2.0 - T VTUIUTIUIUIUIITRIVIYY
1'5 ) ) ) ) ) ) ) )
2 4 0 1 2 3 4 5
(c) log f (Hz)

Fig. 4.4.3.6. (c) Bode magnitude plots of S2 steel in saturated Ca(OH). solution with 0.1 wit.
% CI™

The Bode magnitude plot of S3 steel (Fig. 4.4.3.7.) immersed in saturated Ca(OH)2 solution
for 21 h shows that the straight line portion with a slope of —1 decreases in length as the
concentration of chloride increases from 0 to 0.1 wt. %. Therefore, the increase in chloride

concentration reduces the protective ability of the passive film.
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Fig. 4.4.3.7. (a) Bode magnitude plots of S3 steel in saturated Ca(OH)2 solution without CI™
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Fig. 4.4.3.7. (c) Bode magnitude plots of S3 steel in saturated Ca(OH)2 solution with 0.1 wt.
% CI”

The Bode magnitude plot of S4 steel (Fig. 4.4.3.8.) immersed in saturated Ca(OH)2 solution

for various times shows that the straight line portion with a slope of —1 decreases in length as
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the concentration of chloride increases from 0 to 0.1 wt. %. Therefore, the increase in

chloride concentration affects the passive film adversely.
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Fig. 4.4.3.8. (a) Bode magnitude plots of S4 steel in saturated Ca(OH)2 solution without CI™
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Fig. 4.4.3.8. (b) Bode magnitude plots of S4 steel in saturated Ca(OH). solution with 0.05 wt.

% CI”
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Fig. 4.4.3.8. (c) Bode magnitude plots of S4 steel in saturated Ca(OH). solution with 0.1 wit.
% CI™

For S1, S2 and S3 steels tested in the saturated solution of Ca(OH). without CI™ and with 0.05
wt. % Cl~and 0.1 wt. % CI", at frequencies less than about 10? Hz the Bode magnitude plots
exhibited a purely capacitive behaviour (Fig.4.4.3.5 to Fig.4.4.3.7). With increasing
immersion time, the straight-line portion with a slope of about —1 (the capacitive part)
expanded. Similar response was observed for S4 steel in Ca(OH)2 solution and (Ca(OH), +
0.05 wt. % CI") solution, too (Fig.4.4.3.8a and Fig.4.4.3.8b). At the end of 21 h of immersion,
the impedance of passive film ranged from 10* Q.cm? to 10>° Q.cm? for all the samples. The
passive film acts as a capacitor effectively when the impedance is greater than 10° Q.cm?
(Kelly et al., 2003). The high values of impedance imply that the passive film becomes more
protective with time of immersion. For S4 steel in (Ca(OH), + 0.1 CI") solution
(Fig.4.4.3.8c), the central portion of bode magnitude curve declined with time of immersion,

which indicates that the passive film broke down.

The capacitance corresponding to the low frequency (fi) break point, C; declined with time
indicating enlargement of passive layer for S1, S2 and S3 steels in all the solutions and S4
steel in solutions containing less than 0.1 CI™ (Fig.4.4.3.5 to Fig.4.4.3.8b). The C, of S4 steel
for the (Ca(OH). + 0.1 CI") solution increased with immersion time depicting the breakdown

of passive layer and dissolution of iron (Fig.4.4.3.8c). Capacitance is considered to be a good
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pointer for the initiation of pitting (Kelly et al., 2003) (Mansfeld et al., 1991). Thus, high

phosphorous steels are able to resist 0.1 CI™ unlike mild steel.

The Bode phase plot of S1 steel (Fig. 4.4.3.9.) immersed in saturated Ca(OH)2 solution for
various times shows that the frequency, at which the rise in absolute value of & starts,
increased as the concentration of chloride increased from 0 to 0.1 wt. %. Further, as the
immersion time increased, the lower frequency break point corresponding to 45° drifted
towards higher frequencies. Therefore, the increase in chloride concentration affects the

passive film adversely.
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Fig. 4.4.3.9. (a) Bode phase plots of S1 steel in saturated Ca(OH)2 solution without CI™
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Fig. 4.4.3.9. (b) Bode phase plots of S1 steel in saturated Ca(OH) solution with 0.05 wt. %
Cl
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Fig. 4.4.3.9. (c) Bode phase plots of S1 steel in saturated Ca(OH). solution with 0.1 wt. % CI™

The Bode phase plot of S2 steel (Fig. 4.4.3.10.) immersed in saturated Ca(OH)2 solution for
21h shows that the frequency, at which the rise in absolute value of 4 starts, increased as the

concentration of chloride increased from 0 to 0.1 wt. %. Further, as the immersion time
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increased, the lower frequency break point corresponding to 45° drifted towards higher

frequencies. Therefore, the increase in chloride concentration reduces the thickness of the
passive film.
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Fig. 4.4.3.10. (a) Bode phase plots of S2 steel in saturated Ca(OH) solution without CI~
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Fig. 4.4.3.10. (b) Bode phase plots of S2 steel in saturated Ca(OH)> solution with 0.05 wt. %
Cl
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Fig. 4.4.3.10. (c) Bode phase plots of S2 steel in saturated Ca(OH). solution with 0.1 wt. %

Cl

The Bode phase plot of S3 steel (Fig. 4.4.3.11.) immersed in saturated Ca(OH). solution for

21h shows that the frequency, at which the rise in absolute value of ¢ starts, increased as the

concentration of chloride increased from 0 to 0.1 wt. %. Therefore, the increase in chloride

concentration weakens the passive film.
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Fig. 4.4.3.11. (a) Bode phase plots of S3 steel in saturated Ca(OH). solution without CI™
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Fig. 4.4.3.11. (b) Bode phase plots of S3 steel in saturated Ca(OH)2 solution with 0.05 wt. %
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Fig. 4.4.3.11. (c) Bode phase plots of S3 steel in saturated Ca(OH)2 solution with 0.1 wt. %
ClI™

The Bode phase plot of S4 steel (Fig. 4.4.3.12.) immersed in saturated Ca(OH)2 solution for
various times shows that the frequency, at which the rise in absolute value of @ starts,
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increased as the concentration of chloride increased from 0 to 0.1 wt. %. Therefore, the

increase in chloride concentration affects the protective character of the passive film

adversely.

Fig. 4.4.3.12. (a) Bode phase plots of S4 steel in saturated Ca(OH) solution without CI™
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Fig. 4.4.3.12. (b) Bode phase plots of S4 steel in saturated Ca(OH)2 solution with 0.05 wt. %

Cl-
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Fig. 4.4.3.12. (c) Bode phase plots of S4 steel in saturated Ca(OH)2 solution with 0.1 wt. %
Cl

In the Bode phase plots, the phase angle () in S1, S2 and S3 steels in all solutions and S4
steel in solutions containing less than 0.1 CI™ declined to zero at f, and f;. The value of @ at
zero correlates with the resistances of Ry and (Ru+Rc+Rp). Capacitive behavior is indicated by

the increase of 8 towards 90° at intermediate range of frequencies (Walter, 1986).

The trough of Bode phase plots in S1, S2 and S3 steels in all solutions and S4 steel in
solutions containing less than 0.1 CI~ widened with time of immersion (Fig. 4.4.3.9 to Fig.
4.4.3.12b). This considerable phase shift at absolute value of & (trough of the plot) in the
Bode phase angle graph implies broadening of passive layer with immersion time. The
frequency, at which the rise in absolute value of @ starts, decreased as the immersion time
increased. As the immersion time increased, the lower frequency break point corresponding
to 45° drifted towards lower frequencies. Therefore, the phase angle drift at low frequencies
increased with immersion time for Bode phase plots in S1, S2 and S3 steels in all solutions
and S4 steel in solutions containing less than 0.1 CI. This indicates improvement of
protective capabilities of the passive layer with immersion time (Kelly et al., 2003)(Mansfeld
et al., 1991)(Sahoo and Balasubramaniam, 2008). The degradation of organic coatings are
indicated by a decrease in phase angle shift at low frequency regions (Sahoo and

Balasubramaniam, 2008)(Mansfeld et al., 1991). The phase angle drift at low frequencies
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decreased with immersion time for Bode phase plots in S4 steel in solutions having 0.1 CI™
indicating degradation of passive layer and increasing corrosion with immersion time
(Fig.4.4.3.12c).

From the above observations on the Nyquist and Bode plots one can say that the decreasing
capacitance and increasing impedance was found in the cases S1, S2 and S3 steels in all
solutions and in case of S4 steel in solutions containing less than 0.1 CI™. This may be due to
decrease in the micro-pores and increased protective coverage of the surface by the passive
oxide layer with immersion time. The film deteriorated in the case of S4 steel in solutions
having 0.1 CI™ and corrosion increased with time. Thus, it can be said that for S1, S2 and S3
steels, the threshold CI™ concentration for degradation of oxide layer is higher than 0.1 wt. %.
It is equal to 0.05 wt. % for S4 steel.

The EIS spectra of all samples exhibited two time constants. The Nyquist plot of S3 steel
immersed for 5 h in Ca(OH)2 solution with 0.1 wt. % chloride shows the high frequency
region as an inset in Fig. 4.4.3.13. The arc in the high frequency region could be associated

with the OH™ ion adsorption on the surface of the steel (Saremi, M., 2002).

At frequencies lower than 790 Hz, the arc which appears is related to the interfacial reaction.
This reaction is composed of two processes viz. the charge transfer reaction and the
formation of a passive film (Saremi, M., 2002)(Poupard et al., 2004), which have an identical
time constant. In order to fit the experimental data, many equivalent circuits were tried using
Gamry Echem Analyst software version 6.04. The best fitting equivalent circuit that
approximates the test system is shown in Fig. 4.4.3.14. It can also be written as
Ru{Cc[Rc(YoRp)]}. Here, solution resistance is represented by Ry. The resistance and
capacitance of the adsorbed layer are given by Rc and Cc. Rp and Yo are the resistance and
capacitance associated with the corrosion processes occurring in the micro-pores of the oxide
film. The oxide film resistance is composed of the resistance due to the film and charge
transfer. Mathematically, the impedance of the circuit can be written as
A

=R, +———— 4431
AjaC, +1 ( )
where  is the angular frequency and
R
A=R £ (4.4.3.2)

C+ - a
(jo)* Yo R, +1
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Fig. 4.4.3.13. Nyquist plot showing the second time constant in the high frequency region for

S3 steel immersed in saturated Ca(OH)2 solution containing 0.1 wt. % CI” for 5 h

Rc

SCE = Ru W.E.

Fig. 4.4.3.14. Equivalent circuit for the steels used in this work (R,= Polarization resistance)

Very little variation was found in the parameters Ry, Rc and C¢ with respect to immersion
time and chloride content. In the saturated Ca(OH)2 solution either with or without chloride,
mean Ry was about 17 Q.cm? mean R was about 80 Q.cm? and mean C. was about 0.019
uF.cm~2 for all the samples (Fig. 4.4.3.13). Ry, Rc and C. for mild steel and Fe-P alloys in
Ca(OH)2 solution with/without CI~ were approximately 25 Q.cm?, 35 Q.cm? and 11 pF.cm™
respectively (Sahoo and Balasubramaniam, 2008). Rs, Rc and mean C. for mild steel in
saturated Ca(OH). solution with/without CI~ were found to be 62 Q.cm?, 31 Q.cm?and 0.02
uF.cm2 respectively (Saremi, M., 2002). Saremi and co-workers attributed the adsorbed
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layer to OH™ ion on the surface of iron. The miniscule resistance of this adsorbed layer does

not help in making the steel corrosion resistant.

The variables concerned with the passive film polarization resistance viz. Rp, CPE exponent «
and constant phase element Yo showed variation (Tables 4.4.3.1, 4.4.3.2, and 4.4.3.3). The
double layer-capacitance impedance can be expressed by a constant phase element (CPE)
rather than an ideal capacitor in case the surface is rough and heterogeneous (Sahoo and
Balasubramaniam, 2008)(Ye et al., 2013)(Cox and Wong, 1995)(Cai and Park,
1996)(Bardwell and McKubre, 1991). The impedance (Zcee) and capacitance (Ccpe) are
defined by equations 4.4.3.3 and 4.4.3.4 (Sahoo and Balasubramaniam, 2008)(Ye et al.,
2013)(Zhang et al., 2004).

Zeee =[Yo(J)T" (4.4.3.3)

a-1
e = S"]YEZ{’#Z) (4.4.3.4)
Yo represents a combination of properties related to electroactive species and the steel surface.
It is proportional to the capacitance of pure capacitive electrodes (Sahoo and
Balasubramaniam, 2008)(Ye et al., 2013). « is the CPE exponent. It is a phenomenological
coefficient which indicates the degree of deviation in the capacitance from the ideal condition
(Ye et al.,, 2013)(Chen et al., 2010)(Cruz et al., 2005). The frequency corresponding to
maximum phase angle is wm (Ye et al., 2013). Yo is called CPE when « lies between 0.5 and 1
and is based on surface heterogeneity and roughness (Sahoo and Balasubramaniam, 2008). Yo

is pure capacitance when « =1 and pure resistance when a =0 (Feng et al., 2011).

The polarization resistance of S1, S2 and S3 steels immersed in saturated Ca(OH)2 solution
with or without chloride increases with immersion time (Table 4.4.3.1). The same behaviour
is noted for S4 steel immersed in saturated Ca(OH)2 solution without or with 0.05 wt. %
chloride. But the resistance of S4 steel falls when it is immersed in saturated Ca(OH)>
solution with 0.1 wt. % chloride. The resistance of all the steels falls with an increase in

chloride concentration.
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Table 4.4.3.1: Polarization resistance (Rp) in Q.cm? as a function of time in saturated

Ca(OH)2 solution with or without chloride obtained from EIS spectra modelling

Sample CI- 15 min 5h 21h
0 16400 40600 93100
S1 0.05 49400 52500 73200
0.1 24500 35200 52500
0 51800 76400 119000
S2 0.05 51100 152000 292000
0.1 21100 33500 47800
0 27900 131000 490000
S3 0.05 72000 239000 777000
0.1 14600 22700 45500
0 58500 110000 425000
S4 0.05 62500 235000 285000
0.1 25300 34800 32800

Generally, the constant phase element of S1, S2 and S3 steels immersed in saturated Ca(OH)>

solution with or without chloride and S4 steel without and with 0.05 wt. % chloride decreases

with immersion time (Table 4.4.3.2). But, the CPE of S4 steel immersed in saturated

Ca(OH)2 solution with 0.1 wt. % chloride increases drastically with immersion time. Thus,

S4 steel is unable to withstand the chloride concentration of 0.1 wt. %.

Table 4.4.3.2: Constant phase element (Yo) in uS-s®/cm?as a function of time in saturated

Ca(OH)2 solution with or without chloride obtained from EIS spectra modelling

Sample Cl- 15 min 5h 21h
0 38.1 67.7 47.6

S1 0.05 42.4 43.3 45.0
0.1 52.5 43.2 42.4

0 77.4 64.5 63.5

S2 0.05 449 42.4 41.1
0.1 43.1 46.9 52.6

0 59.4 56.4 49.0

S3 0.05 45.1 43.9 39.5
0.1 39.2 37.0 36.3

0 43.1 68.2 49.0

S4 0.05 55.5 56.3 50.1
0.1 57.8 59.9 77.4
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Generally, the constant phase element exponent of S1, S2 and S3 steels immersed in saturated
Ca(OH)2 solution with or without chloride and S4 steel without and with 0.05 wt. % chloride
approaches the value of 1 with immersion time, where CPE is pure capacitance. This implies
that the protective film is thickening and improving. But, the CPE exponent of S4 steel
immersed in saturated Ca(OH). solution with 0.1 wt. % chloride moves away from 1 with

immersion time signifying that CPE is moving away from pure capacitance (Table 4.4.3.3).

Table 4.4.3.3: CPE exponent («) as a function of time in saturated Ca(OH)2 solution with or

without chloride obtained from EIS spectra modelling

Sample Cl- 15 min 5h 21h
S1 0 0.88 0.89 0.92
0.05 0.86 0.89 0.90

0.1 0.87 0.9 0.91

S2 0 0.78 0.83 0.84
0.05 0.88 0.92 0.92

0.1 0.90 0.90 0.88

S3 0 0.83 0.86 0.88
0.05 0.86 0.90 0.91

0.1 0.89 0.91 0.91

S4 0 0.91 0.88 0.89
0.05 0.85 0.89 0.89

0.1 0.89 0.89 0.85

Rp values generally escalated with immersion time for S1, S2 and S3 steels in all solutions
and S4 steel in solutions containing less than 0.1 CI". R, values decreased with time for S4
steel in solutions containing 0.1 CI™ (Fig. 4.4.3.15. a). Ry values of all the samples vary
between 1.4x10* to 7.7x10° Q.cm?. The Ry values obtained for 7 days immersion of Fe-P
alloys and mild steel in Ca(OH). solution with/without CI~ varied between 1.5x10* and
7.3x10° (Sahoo and Balasubramaniam, 2008). The R, values for plain carbon steel in
Ca(OH); solution without and with 0.3 CI~ were between 1.5x10° to 1.7x10° Q.cm? (Saremi,
M., 2002). Reported values for passive layer of steel in borate buffer alkaline solution are 10*
to 10° Q.cm? (Abreu et al., 2004)(Hamadou et al., 2005).
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Fig. 4.4.3.15. The variation of (a) Rp, (b) Yo, and (c) « of the passive film with respect to time

of immersion of S3 and S4 steels in saturated Ca(OH)2 solution containing 0.1 wt. % CI~

Yo values were between 36 to 77 uS s*/cm? which agrees with the values of 14-75 pS s%/cm?
for phosphoric irons and mild steel (Sahoo and Balasubramaniam, 2008). An overall decrease
in Yo was observed with immersion time due to the expansion of passive layer except in the
case of S4 steel in Ca(OH)2 solution containing 0.1 wt. % chloride (Fig. 4.4.3.15. b). This is
caused due to breakdown of passive film and consequent increase in capacitance (Sahoo and
Balasubramaniam, 2008)(Saremi, M., 2002). a values varied between 0.78 to 0.92 which
confirms the heterogeneity of the steel surface (Cox and Wong, 1995) (Cai and Park, 1996).
The increase in o of S3 steel indicates improvement in passive film and the decrease in o of
S4 steel implies that the film became increasingly inhomogeneous and defective with time
(Fig. 4.4.3.15. ¢) (Ye et al., 2013). Thus, the corrosion resistance of the high phosphorous

steel is favourably compared with the mild steel sample.
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4.4.3.1 Results of the EIS study on S3 steel heat treated at 900°C for 6 h

Out of the three high phosphorous steels, S3X3 offers the best impact toughness out of the
lot. Therefore, it was subjected to OCP, LPR and EIS tests in saturated Ca(OH)2 solution with
0.1 wt. % CI for a total time period of 65 h to ascertain its corrosion behaviour. The readings
were taken at 5, 15, 25, 40, and 65 h. The results are described in the following discussion.

In general, the OCP of the steel specimen increased with time and the icorr decreased on
increasing immersion time, showing that the passive film became more and more protective
with increase in immersion time. The variation of the OCP and icorr for S3 steel heat treated at
900°C for 6 h exposed to saturated Ca(OH)2 solution containing 0.1 CI™ is shown in Fig.
443.1.1.
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Fig. 4.4.3.1.1. Variation of (a) OCP and (b) icorr for S3 steel heat treated at 900°C for 6 h

exposed to saturated Ca(OH). solution containing 0.1 wt. % CI™

The Nyquist plots show that as the time of immersion in the solution increases, both the
capacitive part and the real impedance increases. This implies that the passive film became
more protective with increasing time of immersion. Nyquist plots of S3 steel heat treated at

900°C for 6 h in saturated concrete pore solution with 0.1 CI™ is shown in Fig. 4.4.3.1.2.
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Fig. 4.4.3.1.2. (a) Nyquist plots of S3 steel heat treated at 900°C for 6 h after immersion in
saturated Ca(OH) solution with 0.1 wt. % CI™

120 -
] High frequency portion
1004 g q yp
' 80 - S3X3, 5h, 0.1CI™
S )
o
S 604 .
N 40 - = ']
./ \. /
4 / \. /.
20 4 \. u
| n B
0. v
0 2I0 4I0 6I0 8I0 100 120
(b) Z_(Q.cm’)

Fig. 4.4.3.1.2. (b) High frequency portion of Nyquist plots of S3 steel heat treated at 900°C
for 6 h after immersion in saturated Ca(OH)2 solution with 0.1 wt. % CI” for 5 h
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Fig. 4.4.3.1.3. Bode magnitude plots of S3 steel heat treated at 900°C for 6 h in saturated
Ca(OH)2 solution with 0.1 wt. % CI™

The Bode magnitude showed purely capacitive behaviour below about 100 Hz. The straight
line portion with negative slope expanded with the increase in time of immersion. The
impedance of the passive film is about 10>2 Q.cm? which implies that the film is very close to
acting as a pure capacitor and becomes more protective with increasing time of immersion.
Bode magnitude plots of S3 steel heat treated at 900°C for 6 h in saturated concrete pore
solution with 0.1 CI™ are shown in Fig. 4.4.3.1.3.

The Bode phase plots show that phase angle decreases to zero at the highest and lowest
frequencies of the first loop. The angle increases to 90° at intermediate frequencies indicating
capacitive behaviour. The trough of the phase plot widened with increasing time of
immersion implying the broadening of the passive film. The frequency, at which the rise in
absolute value of phase angle starts, decreases with immersion time indicating an
improvement in protective abilities. Bode phase plots of S3 steel heat treated at 900°C for 6 h
in saturated concrete pore solution with 0.1 CI™ are shown in Fig. 4.4.3.1.4.
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Fig. 4.4.3.1.4. Bode phase plots of S3 steel heat treated at 900°C for 6 h in saturated Ca(OH)>
solution with 0.1 wt. % CI~

The Nyquist plots were analysed with Zsit software and the values of Ry, Yo and « found out.
The values of a varied between 0.907 and 0.914 which confirms the heterogeneity of the
surface. The variation of Rp, Yo, and « of the passive film with respect to time of immersion of
S3 steel heat treated at 900°C for 6 h in saturated Ca(OH)2 solution containing 0.1 wt. % CI~
is shown in Fig. 4.4.3.1.5. Ry, increased and Yo decreased with time signifying thickening of
passive film. The increase in a towards 1 indicates improvement in passive film, as CPE is

pure capacitance at o = 1.
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Fig. 4.4.3.1.5. The variation of (a) Rp, (b) Yo, and (c) « of the passive film with respect to time
of immersion of S3 steel heat treated at 900°C for 6 h in saturated Ca(OH)2 solution

containing 0.1 wt. % CI~

In conclusion, it may be said that S3X3 steel develops a protective passive layer in saturated
Ca(OH), solution with 0.1 wt. % CI” during immersion for 65 h. Hence, it offers a
combination of good strength and toughness along with improved corrosion resistance. It can
be considered for concrete reinforcement applications in case weldability concerns are

suitably addressed.

4.4.3.2 Growth and destruction of the passive layer

Fig. 4.4.3.2.1 shows a schematic diagram of the growth or destruction of the passive layer
with time. On immersion in the solution the passive film starts forming and iron ions enter
the solution after passing through the micro-pores of the film. Initially the pores are large
(Fig. 4.4.3.2.1.a) and later with the growth of the film (Fig. 4.4.3.2.1.b) they become smaller
reducing the exposed area and hence the corrosion current. This increase in thickness of

double layer causes an increase in Ry and decrease in capacitance (follows decrease in charge
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per unit area). In the case of S4 steel immersed in saturated Ca(OH). solution containing 0.1
wt. % CI, the chloride ions destabilize the passive film by migrating through the micro-pores
and probably causing the following reaction on the metal surface exposed inside the pores
(Sahoo and Balasubramaniam, 2008).

Fe?* 4+ 2H,0 + 2Cl~ > Fe(OH), + 2HCl (4.4.3.2)

The CI™ formed may be used in auto-catalysis of the pitting process, thereby increasing the
size of the micro-pores and leading to degradation of passive layer and accelerating the
corrosion processes (Fig. 4.4.3.2.1.d).

Iron

| Passive Film
Adsorbed layer

Pore solution

Iron

I Passive Film
Adsorbed layer

Pore solution

Fig. 4.4.3.2.1. Schematic displaying the formation, growth and degradation of the passive
film on the steel surface in saturated Ca(OH)2 solution. In the first condition the solution is
without CI™ or with CI™ present in amounts lower than the threshold amount; (a) start of
immersion; (b) passive layer grows with time. In the second condition the solution contains

CI™ ions more than the threshold amount; (c) same as (a); (d) de-passivated steel

4.4.4. SEM Analysis of the Pit

Surface morphology of S3 steel after potentiodynamic polarization testing in (Ca(OH)2 +
0.14 wt. % CI") solution was observed by SEM to examine its state of corrosion. The surface
shows a few pits and sporadic deposits. EDS was employed to understand the mechanism of
corrosion of S3 steel from chlorides by recording the elemental distribution at the pitted
location (Fig. 4.4.4.). EDS reveals that Mn, S, CI, Al, O and Si are present in the pit region.

This suggests that adsorption of chloride ions followed by the initiation of pits could have
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been favoured by presence of MnS inclusions associated with oxides of aluminium (Jone,
1992). Literature suggests that chloride is adsorbed preferentially at the MnS inclusions
associated with oxides of aluminium causing their dissolution accompanied with a local drop
in pH leading to local autocatalysis (Williams et al., 1998). Once a pit nucleates it might
grow depending on whether the local chloride concentration exceeds critical limits (Ye et al.,
2013). Further, P, Cr and N are found well-distributed outside the pit and deficient in the pit

region. It can be stated that they have a positive role in the protection of the pit free surface.

445 Beneficial Effect of Phosphorous Alloying

The OCP measured vs SCE for all the samples are above —0.5 V. Therefore, according to the
Eh-pH diagram of phosphorous-water system, phosphorous in the S1, S2 and S3 steels will

remain in equilibrium with PO i_ in saturated Ca(OH)2 solution having pH 12.5, at and

above —0.258 V vs SHE (Muylder and Pourbaix, 1966).

Anodic corrosion inhibitors employed for iron in concrete environments involve phosphates
like CaHPO4, NasPOs4 and NapHPOs (Génin et al., 2002)(Awad and Hoar, 1975). The
phosphate ions help in the oxidation of ferrous to ferric form. The drift of the ferrous ions
away from the metal surface is prevented (Misawa, 1973). The accumulated ferric ions form
a protective y-Fe;Oz film in Ca(OH). solution (Génin et al., 2002). The film causes a
reduction in the intensity of corrosion by reducing active sites. Phosphorous containing steels
form a bipolar passive film. The inner iron oxide layer is anion selective while the outer
Fe3(PO4). enriched layer is cation selective and hence blocks the entry of ClI™ ions into the
film improving resistance against nucleation and growth of pits (Virtanen et al.,
1988)(Nishimura et al., 1984).The inner layer probably converts to gamma Fe2O3 leading to
the thickening of the passive layer (Sahoo and Balasubramaniam, 2008). This also explains
the absence of P in the pit region and presence of P outside the pit region on the surface of the
steel in Fig. 4.4.4.
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Fig. 4.4.4. The SEM-EDS study of surface morphology of S3 steel after potentiodynamic

polarization testing in (Ca(OH). + 0.14 wt. % CI") solution, and elemental distribution at the

corroded area
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4.4.6 Immersion Testin 3.5 wt. % NaCl Solution

Cylindrical samples of S1, S2, S3 and S4 steels were suspended in 3.5 wt. % NaCl solution
for a period of 3024 h. The rate of corrosion was found out using Eq. 2.2.3.1. The results are
presented in Table 4.4.6.1.

Table 4.4.6.1: Rate of uniform corrosion obtained using immersion test

Specimen S1 |S2| S3 | S4

Rate of corrosion (mpy) | 4.52 | 8.5| 7.88 | 6.95

S1 steel shows the best corrosion resistance to chloride ions. The results indicate that S1 steel
is better than S4 steel in marine environment. The rate of corrosion of plain carbon steel in
3.5 wt. % NaCl solution was found by other researchers using Tafel extrapolation to be 7
mpy (Gadadhar and Balasubramaniam, 2008). On the basis of the results of the corrosion
section, it can be said that the high phosphorous steels are comparable to carbon steel in
resisting corrosion due to chloride ion contamination in saturated Ca(OH)2 solution. Hence,
they can be considered for concrete reinforcement applications after suitably addressing the
weldability concerns. Now, the effect of thermo-mechanical parameters such as strain rate
and deformation temperature on grain size shall be investigated.

45  GRAIN REFINEMENT

The mechanical properties, especially toughness of the S1, S2 and S3 steels which were
designed and prepared in this work have been found to be comparable to those of rebars used
in construction work. The corrosion resistance against chloride contamination in saturated
Ca(OH)2 solution has been found to be slightly better than plain carbon steel. Since fine
grained steel is expected to display better toughness (Kim et al., 2003; Kimura et al., 2008;
Sakai et al., 2014) the grain refinement in the high phosphorous steels is studied. The samples
are prepared using hot compression. The minimum cooling rate after hot working was
80°Cs™*. The barrelling coefficient B at the end of the tests was about 0.9 + 0.03. The stress
strain curves and microstructural evolution of all the three high phosphorous steel samples
prepared using strain rates of 10, 1, 0.1 and 0.01s™* and deformation temperatures of 800-
950°C and 1050°C are discussed and the grain sizes calculated. The results are presented in

the following discussion.
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45.1 True Stress, True Strain Curves

45.1.1. True stress, true strain curves of S1 steel

Fig. 4.5.1.1 shows the stress strain curves of S1 steel obtained under various deformation
temperatures and strain rates. The flow curve for 1050°C shows dynamic recrystallization
(DRX) for the strain rates of 1 and 0.1s™*. Almost identical results were reported by Kim et
al. (Kim et al., 2002). DRX curve showing two peaks is observed at 1050°C and 0.01s 2. This
implies that the recrystallized grains are strain hardened before being recrystallized again.
The curve for 1050°C and 10s* exhibits dynamic recovery (DRV) for the larger part with
slight evidence of DRX at the end. When the deformation temperature is decreased to 950°C
the flow curve indicates work hardening at 10s™%, DRV for the major part and slight DRX at
the end for 1s™!, DRX for 0.1s%, and 0.01s™*. On decreasing the temperature further to 900°C
the flow curve shows work hardening ending with DRX at 10s%, and 1s%, and DRX at
0.1s7%, and 0.01sX. At 850°C the flow curves at 10s, do not show work hardening beyond a
strain of about 0.35, and the flow stress remains more or less constant. This type of non-work
hardening behaviour is attributed to DRV. Again, at 850°C the flow curves exhibit DRX at
1s7%, 0.1s7%, and 0.01s71. At 800°C the flow curves exhibit DRV at 10, and 1 s%, beyond a
strain of 0.35 and DRX at 0.1, and 0.01s™%. The maximum stress is lowest for 1050°C for all
the strain rates due to DRX. The maximum stress increases for 900-950°C due to work
hardening and decreases at 800-850°C due to the occurrence of DRV.
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Fig. 4.5.1.1. (a) True stress, true strain curves of S1 steel obtained under various deformation
temperatures and strain rate of 10 s*
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Fig. 4.5.1.1. (b) True stress, true strain curves of S1 steel obtained under various deformation
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Fig. 4.5.1.1. (c) True stress, true strain curves of S1 steel obtained under various deformation

temperatures and strain rate of 0.1 s
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Fig. 4.5.1.1. (d) True stress, true strain curves of S1 steel obtained under various deformation
temperatures and strain rate of 0.01 s}

4.5.1.2. True stress, true strain curves of S2 steel

Fig. 4.5.1.2 shows the stress strain curves of S2 obtained under various deformation
temperatures and strain rates. The flow behaviour of S2 steel is comparable to that of S1
steel. The main differences between the curves of S1 steel and S2 steel are discussed in the
section 4.5.1.3.
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Fig. 4.5.1.2. (a) True stress, true strain curves of S2 steel obtained under various deformation
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Fig. 4.5.1.2. (b) True stress, true strain curves of S2 steel obtained under various deformation
temperatures and strain rate of 1 s™*
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Fig. 4.5.1.2. (d) True stress, true strain curves of S2 steel obtained under various deformation
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4.5.1.3. Effect of addition of silicon on flow behaviour of S1 steel

The elements Cr, Mn, Co, Si, C and N tend to lower the stacking fault energy of austenite
(Bhadeshia and Honeycombe R W K, 2006). This means that the cross-slip and climb of
dislocations will be more difficult. Further, the diffusion of a substitutional element like
silicon is difficult as compared to carbon. This leads to an increase in the flow stress of the
higher alloying steel. This implies that the addition of silicon to carbon steel should increase
the flow stress of the resulting material (compared to the carbon steel) as has been confirmed
by Serajzadeh, and Taheri (S. Serajzadeh and Taheri, 2002; S. U. Serajzadeh and Taheri,
2002). At 1050°C and strain rate of 10, 1, 0.1 and 0.01s* the flow stresses of S2 steel display
a higher peak stress than S1 steel. The addition of 0.13 wt. % silicon to S1 steel retards DRX
at 1050°C and 0.1 and 0.01s%. At 950°C and strain rate of 10, 1, and 0.01s™* S2 steel shows a
higher peak stress as compared to S1 steel. DRX of S2 steel occurs at lower strain at 1 and
0.1s* when compared with S1 steel. At 900°C and strain rate of 10, 1, 0.1 and 0.01s™* S2
steel shows lower peak stresses than S1 steel. DRX of S1 steel occurs at lower strain at
0.01s"* when compared with S2 steel. At 850°C and strain rate of 1, 0.1 and 0.01s™* the flow
stresses of S1 steel display a higher peak stress than S2 steel. DRX of S1 steel occurs at lower
strain at 1, 0.1, and 0.01s* when compared with S2 steel. At 800°C and strain rate of 10, 1,
0.1 and 0.01s™* the flow stresses of S2 steel display a higher peak stress than S1 steel. DRX
of S1 steel occurs at lower strain at 0.1 and 0.01s~* when compared with S2 steel. Generally,
S1 steel shows higher peak flow stresses than S2 steel at 850 and 900°C and all the strain
rates and lower values as compared to S2 steel at other temperatures and all the strain rates.

When compared with the flow curves of S1 steel the addition of alloying elements could have
retarded DRX and increased work hardening behaviour of S2 steel at the strain rates of
0.01s7* and 800°C and 950°C (Fig. 4.5.1.3 a and d). Similar behaviour has been observed by
other researchers too (Kim et al., 2005). At the strain rates 10, 1, 0.1 and 0.01s* and
intercritical temperatures of 900°C and 1, 0.1 and 0.01s* and 850°C; the addition of 0.13 wt.
% silicon to S1 steel caused a softening effect, lowering the peak stress (Fig. 4.5.1.3 b and c).
Thus, the trend observed at higher temperatures is not followed at intercritical temperatures.
Ferrite is softer at higher temperatures than austenite (Gove and Charles, 1974). The
proportion of ferrite in the microstructure of S2 steel at the intercritical temperatures of
850°C and 900°C could be higher than S1 steel since silicon which is a ferrite stabilizer
(Durand-Charre, 2004) is higher in S2 steel. This could be the cause of the softening

behaviour.
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Fig. 4.5.1.3. (b) The effect of alloy chemistry on the true stress, true strain curves of S1 and
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45.1.4. True stress, true strain curves of S3 steel

Fig. 4.5.1.4 shows the stress strain curves of S3 steel obtained under various deformation

temperatures and strain rates. The flow behaviour of S3 steel is comparable to that of S1 and

S2 steel. The main differences between the curves of S1 and S2 steels and S3 steel are

discussed in the section 4.5.1.5.
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Fig. 4.5.1.4. (a) True stress, true strain curves of S3 steel obtained under various deformation

temperatures and strain rates of 10 s*
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Fig. 4.5.1.4. (c) True stress, true strain curves of S3 steel obtained under various deformation

temperatures and strain rates of 0.1 s*
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Fig. 4.5.1.4. (d) True stress, true strain curves of S3 steel obtained under various deformation
temperatures and strain rates of 0.01 s*

45.1.5. Effect of addition of Si, N, and Mn on flow behaviour of S2 steel

The elements Cr, Mn, Co, Si, C and N tend to lower the stacking fault energy of austenite
(Bhadeshia and Honeycombe R W K, 2006). This means that the cross-slip and climb of
dislocations will be more difficult. Further, the diffusion of a substitutional element like
silicon is more difficult as compared to carbon. This leads to an increase in the flow stress of
the higher alloying steel. This implies that the addition of silicon to carbon steel should
increase the flow stress of the resulting material (compared to the carbon steel) as has been
confirmed by Serajzadeh, and Taheri (S. Serajzadeh and Taheri, 2002; S. U. Serajzadeh and
Taheri, 2002). Higher amounts of alloying elements of Si, N and Mn in S3 steel cause higher
peak stress in S3 steel at the strain rates of 10, 1, 0.1 and 0.01 s at 800°C and 1050°C, at 10,
and 1 s* and 950°C and at 10 s and 850°C as compared to the S1 steel. At 1050°C and
strain rate of 10 and 0.1s7%, at 750, 800, 900, and 950°C and 1s%, and at 850°C and 10, 0.1
and 0.01 s™%, S3 steel shows a higher peak stress when compared with S2 steel. At 1050°C
and strain rate of 1 and 0.01s* the flow stresses of S2 steel reach a higher peak stress earlier
than S3 steel. At 1050°C and strain rate of 10 and 0.1s* S3 steel reaches the peak stress
earlier than S2 steel. At 950°C, 900°C and 800°C and strain rates of 10, 0.1, and 0.01s™* the

flow stresses of S2 steel reach a peak stress earlier than S3 steel whereas S3 steel reaches a
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peak at 1s* before S2 steel. At 850°C and strain rates of 10, 0.1, and 0.01s* the flow stresses
of S2 steel reach a peak stress earlier than S3 steel whereas S3 steel reaches the peak stress at

151 before S2 steel.

On addition of alloying elements to S2 steel (i.e., S3 steel) the lowering of peak stresses was
observed at 900°C and 10, 0.1 and 0.01s* and 850°C and 1s* for S3 steel (Fig. 4.5.1.5 a and
c). S3 steel shows higher flow stresses at 850°C and 10, 0.1 and 0.01 s™* as compared to S2
steel. This could be due to the higher proportion of austenite in the microstructure of S3 steel
at those temperatures and strain rates, where it shows higher peak stresses as compared to S2
steel such as 850°C and 0.1 and 0.01s* (Fig. 4.5.1.5 b and d). As compared to S2 steel, S3
steel contains higher amount of austenite stabilizing element of nitrogen (Durand-Charre,
2004). Again, the hardness of ferrite is lower than that of austenite at higher temperatures
(Gove and Charles, 1974).
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Fig. 4.5.1.5. (a) The effect of alloy chemistry on the true stress, true strain curves of S2 and
S3 steels at 900°C and 0.1s !
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45.2 Microstructural Evolution

Fig. 4.5.2.1 represents the evolution of the microstructure and ferrite grain refinement at
different deformation temperatures and strain rates of S1 steel. The cylindrical disk of the
compressed specimen was sliced across the circular face along the diameter. The section
contained the axis of compression. The slice revealed two somewhat rectangular faces with
rounded corners. The central portion of one of these faces was studied using optical
microscopy to study the microstructures. At 1050°C, 0.1 and 0.01 s™* the microstructure is a
mix of polygonal and acicular ferrite. Acicular ferrite is characterized by coarse non-
equiaxed, needle shaped ferrite grains having various sizes distributed in a chaotic manner
with random orientations. The microstructure obtained at 1050°C and 1 s™* shows thicker
needles and polygonal ferrite. Fig. 4.5.1.1 shows that the austenite has experienced DRX in
these conditions. Later, grain growth appears to have taken place. The microstructure of
ferrite at 1050°C and 10 st shows large polygonal grains while Fig. 4.5.1.1 shows that the

material has experienced DRX.
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Fig. 4.5.2.1. Evolution of the microstructure and ferrite grain refinement at different

deformation temperatures and strain rates of S1 steel

At 950°C, a small amount of pro-eutectoid ferrite is expected at high strain rates. The
microstructure at 950°C and 10 s and 1 s* shows equiaxed ferrite. The corresponding
stress-strain curve shows work hardening. This implies that the ferrite is formed by
transformation of work hardened or deformed austenite. The size of these grains is smaller
than those obtained at 1050°C. Some coarse ferrite grains suggest that some grain growth
should have occurred although nucleation rates are high at such high temperatures (Eghbali
and Abdollah-zadeh, 2005a). Fig. 4.5.1.1 shows that the curves indicate DRX for 950°C and
0.1, and 0.01 s™*. The microstructures for these low strain rate conditions show equiaxed

ferrite.
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At 900°C finer ferrite grains are obtained as compared to those achieved at 950°C due to the
larger amount of undercooling with respect to Ars. A miniscule amount of deformed and
elongated pro-eutectoid ferrite grains is also observed. The flow curves (Fig. 4.5.1.1) at
900°C show various combinations of hardening, recovery and recrystallization as the strain
rate decreases. This implies that the ferrite grains are transformed from deformed and
recrystallized austenite grains at 10 and 1 s™*. The microstructures obtained at 0.1 and 0.01
s ! are transformed from recrystallized austenite grains and they have experienced grain
growth since the strain rate was low (Eghbali and Abdollah-zadeh, 2005b). The sizes of the
grains obtained are smaller than those obtained at higher temperatures due to the larger

amount of undercooling and hence a higher nucleation rate (Huang and Froyen, 2002).

At 850°C the microstructures observed are equiaxed ferrite and deformed pro-eutectoid
ferrite. The lower maximum stress values as compared to 900°C points towards softening due
to the larger proportion of ferrite in the microstructure. Ferrite is softer than austenite at
higher temperatures (Gove and Charles, 1974). The flow curves at 10 s~! shows a constant
flow stress after a strain of 0.35 due to DRV. The flow curves (Fig. 4.5.1.1) at 1, 0.1 and 0.01
s shows dynamic recrystallization. Flow curves at 0.01s™* shows a constant flow stress after
a strain of about 0.52 and the microstructure shows equiaxed ferrite with some large grains
which signify grain growth. A few small dark coloured grains can be seen at 0.01 s™* strain
rate which could not be resolved optically. These were confirmed as pearlite grains by
electron microscopy (Fig. 4.5.2.2.). The temperature of 850°C falls in the (at+y) phase field
for S1 steel. The phase transformation temperatures shift to higher values if deformation
accompanies cooling as in AISI 1016 discussed elsewhere (Rajput et al., 2013). The aforesaid
elevation can be explained by either or all of the following reasons (Rajput et al., 2013):

1) The Gibbs free energy of the austenite phase increases due to plastic deformation.

2) The austenite grains are refined by dynamic recrystallization.

Therefore, the presence of pearlite at 850°C can be explained by this phenomenon.
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Fig. 4.5.2.2. SEM micrograph showing pearlite grains in S1 steel at 850°C and 0.01s™*

At 800°C the microstructure consists of deformed pro-eutectoid ferrite and fine equiaxed
ferrite. The ferrite grains obtained are by and large the smallest of the lot. The corresponding
flow curves (Fig. 4.5.1.1) indicate DRX and DRV. Larger numbers of pearlite grains are
observed.

Fig. 4.5.2.3 represents the evolution of the microstructure and ferrite grain refinement at
different deformation temperatures and strain rates of S2 steel. The microstructures are
similar to those obtained in the case of S1 steel. Fig. 4.5.2.4 represents the evolution of the
microstructure and ferrite grain refinement at different deformation temperatures and strain

rates of S3. The microstructures are similar to those obtained in the case of S1 and S2 steels.
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Fig. 4.5.2.3. Evolution of the microstructure and ferrite grain refinement at different

deformation temperatures and strain rates of S2 steel
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Fig. 4.5.2.4. Evolution of the microstructure and ferrite grain refinement at different

deformation temperatures and strain rates of S3 steel

Figures 4.5.2.5. (a), (b) and (c) show the effect of deformation temperature on the ferrite
grain size of S1 steel, S2 steel, and S3 steel respectively. The largest grains were obtained at
1050°C. The smallest ferrite grains were obtained at 800°C. The largest grains at 800°C were
obtained at a strain rate of 0.01s . This is due to the availability of greater amount of time for
grain growth at that strain rate. Largely, the grains obtained at 0.1s™* are the smallest for both
the steels whereas those obtained at 0.01s ! are the largest. The grain sizes obtained at 1s™
and different temperatures are generally in between those achieved at 0.1 and 0.01s™%. The
increase in strain rate from 0.01 to 0.1s causes a decrease in the grain size. The smallest
grain size is achieved at 800°C for S1, S2 and S3 steels.
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Subsequently, experiments were also performed to study the effect of strain rates of 0.1 and 1
s 1 at the deformation temperature of 750°C for the three steels. A grain size of 3.7 um at 1
st for S2 steel was obtained. The microstructure and the corresponding flow curve are
presented in Fig. 4.5.2.6. The mixed type microstructure of S1 steel, hot compressed at 850°C
and 10s™* can be analysed using ASTM E1181 (ASTM E1181-02, 2015). The report is as
follows: "Duplex, Wide-range, 55% ASTM No. 11.5, 45% ASTM No. 6.5".
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4.5.3 Adiabatic rise, peak stress and Z values

The adiabatic rise in temperatures is tabulated in Table 4.5.3.1. The maximum rise in

temperature is 20.7°C at 900°C and 1 st for S1 steel. The highest rise in temperature is

22.1°C at 950°C and 1 s* for S2 steel. The greatest increment in temperature for S3 steel is

27°C at 750°C and 1 s™t. The peak stresses obtained were corrected for adiabatic rise in

temperature during hot compression and are tabulated as Table 4.5.3.2.

Table 4.5.3.1: Maximum increment in temperature during hot compression of S1, S2 and S3

steels

Deformation S1 steel S2 steel S3 steel

Temperature dT (°C) at the strain rate of
(°C) 001s?|01st|1s1[001s|01s?t|1s?|0.01st({01st|1s?t
750 1.9 12.6 | 15.7 3.8 5.7 132 3.7 8.6 27
800 3.8 6.1 |143 6.9 53 | 17.7 5.2 35 119.2
850 1.2 7.2 116.6 4.2 46 |18.3 2.6 6.3 |[17.7
900 2.7 54 | 20.7 4.2 19 |19.2 3.7 29 | 226
950 5.8 4.8 8.5 0.6 45 221 11 43 |194
1000 1.5 2.9 11 2 45 | 11.7 0.9 4.2 184
1050 2 4.1 13 1.4 42 (121 1.4 3.9 [10.2

Table 4.5.3.2: Peak stress corrected for adiabatic rise in temperature for S1, S2 and S3 steels

Temp. Peak stress (MPa) corrected for adiabatic rise in temperature
°C S1 steel S2 steel S3 steel
1s? [01s?t({001lst| 15t [01s?t[001st| 15t [01s?t[001s?

750 |156.94 | 129.07 | 85.41 |164.68 | 130.67 | 92.57 |[208.51|127.48 | 78.99
800 |128.85| 88.13 | 57.26 |136.11 | 95.01 | 66.29 |[139.91| 95.35 | 62.16
850 |118.04| 80.85 | 53.06 |109.18 | 70.10 | 48.57 |[104.16 | 73.11 | 50.73
900 |164.76|108.38 | 75.62 |123.03 | 88.67 | 58.79 |[139.58 | 86.62 | 51.54
950 |148.41|112.88 | 74.77 |151.92|110.87| 75.48 | 158.19|107.96 | 66.08
1000 |[130.64 | 90.68 | 55.03 |140.05| 98.08 | 64.45 | 141.04 | 100.68 | 65.36
1050 |112.73 | 7541 | 51.74 |122.85| 84.26 | 56.19 |121.99 | 85.14 | 55.92
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The peak stresses (Fig. 4.5.3.1) decrease as temperatures increase from 750°C to 850°C since
the microstructures are predominantly composed of ferrite phase and ferrite softens at higher
temperatures. The amount of austenite phase fraction starts increasing at the expense of
ferrite phase fraction between 900°C and 950°C. Since austenite is harder than ferrite at
higher temperatures the peak stresses values escalate. Subsequently, at higher temperatures

austenite softens and the peak stress values start decreasing upto 1050°C.
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Fig. 4.5.3.1. Peak stress corrected for adiabatic rise in temperature for S1, S2 and S3 steels

The peak stresses obtained are correlated with the reciprocal of the absolute temperature for a
large number of combinations of temperatures and strain rates at which hot deformation is
carried out for a true strain of 0.69. The peak compressive stresses at the strain rates of 1, 0.1,
0.01s7* and temperatures of 750, 800, 850, 900, 950, 1000, 1050°C were found out.

The corrected peak flow stresses of S1 steel are lower than S2 steel at 750°C, 800°C, and at
950-1050°C. The corrected peak stresses of S1 steel are higher than those of S2 steel at
850°C and 900°C (Fig. 4.5.3.1). This implies that the alloying additions retard DRX and
cause an increment in the corrected peak flow stresses at 750°C, 800°C and 950-1050°C. The
corrected peak flow stresses of S2 steel are lower than those of S3 steel at 1 s and 750, 800,
900, 950, and 1000°C, at 0.1 s* and 800, 850, 1000, and 1050°C, and at 0.01 s™* and 850,
and 1000°C. The addition of alloying elements to S2 steel caused these increments in

corrected peak flow stresses by retarding DRX.
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High value of Z gives rise to grain refinement of steels during hot deformation (Cho et al.,
2001), (Kim et al., 2003), (Kim et al., 2005). The Z values of S1 steel are higher than that for
S2 steel at 1050°C and lower than that of S1 steel at 800°C. Therefore, addition of 0.13 wt. %
Si to S1 steel is detrimental for grain refinement at 1050°C and beneficial at 800°C. The
mean grain size decreases from 6.7+0.3 and 10.1+£0.5 um for S1 steel to 5.5+0.5 and 7.6+0.1
um for S2 steel at 800°C and 1 and 0.01s* respectively (Table 4.5.3.4). Z values for S2 steel
are higher than those of S3 steel at 1050°C (Table 4.5.3.4). The opposite is true at 800°C.
High values of Z also suggest higher flow stresses for S2 steel as compared to S3 steel at
1050°C.

Table 4.5.3.3: Z values for the steels at 1, 0.1 and 0.01 s *and at 800, and 1050°C

Temperature Strain S1 M_ean_ S2 M_ean_ S3 M_ean_
(°C) raitle Steel | Grainsize | Steel | Grainsize | Steel | Grain size
) Z (pm) Z (pm) z (pm)
800 1 x?gﬁ 6.7+0.3 xzblm 5.5+0.5 X?..Ogﬂ 6.7+0.1
800 0.1 xiésM 5.6:0.3 Xz'ollg 5.8+0.1 X?..ngo 6.5:0.8
800 0.01 x?'0513 10.1+0.5 Xi'ollg 7.6+0.1 Xi'oglg 9.6+0.7
1050 1 x1%18 16+2.9 x§'0215 11.5+1.6 xi'og“ 12.9+1.6
1050 0.1 xl%” 14.7+1.8 x}ozl“ 13.1+1.9 xi'oglo 13+1
1050 0.01 x12016 17.6+3.4 xz'ozm 13.4+1.9 Xll'gg 13+2.6

Thus, it has been established that fine grained high phosphorous steels can be made by
working in the intercritical region of the phase diagram of high phosphorous steels. This
should facilitate the production of tougher high phosphorous steels. Now, the safe processing

window for manufacturing such steels shall be identified.

46  THERMO-MECHANICAL PROCESSING

The high phosphorous steels namely S1, S2 and S3 steels have been tested and found to be
comparable to plain carbon steels in strength, toughness and corrosion resistance. The role of
various thermo-mechanical processing parameters like deformation temperature and strain
rates has been understood in order to produce fine grained high phosphorous steels. Now, the
safe processing window for producing rebars having high phosphorous compositions needs to
be identified. The following work is an attempt to identify a processing window for S1 steel
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using the modified dynamic materials model proposed by Murty and Rao (Murty et al., 2003).
Isolated studies have been done on high phosphorous steels (Kim et al., 2005). In order to
conduct a comprehensive study on high-phosphorus steels, a large range of strain rates (10-
0.001 s™%) and deformation temperatures (750-1050°C) was chosen.

4.6.1 Phase Transformation Characterization

The CCT curve is shown in Fig. 4.1.1 a. The first and second deviation points in the CCT
curve during cooling correspond to the Arsz and Ary temperatures. They are estimated to be
965°C and 790°C respectively. This indicates that the microstructure is ferrite at 750°C and
austenite at 1050°C and a mix of both at 850-900°C.

4.6.2 Flow Behaviour of S1 Steel

Fig. 4.6.2 shows the corrected and uncorrected flow curves corresponding to the 7 test
temperatures ranging from 750 to 1050°C and the 6 strain rates ranging from 10 to 0.001 s*.
The true flow stress was found to be a function of strain rate and temperature. At a constant
temperature, the flow stress increased as the strain rate was increased (Fig. 4.6.2 a-g). All the
stress strain curves showed a peak stress after hardening at low strain rates. DRX is observed
at higher temperatures, and DRV is seen at lower temperatures. For a fixed strain rate (10 s™2)
as the temperature increased, the values of flow stress first decreased as a is softer at higher
temperatures, and then increased as the proportion of y which is harder than o at high
temperatures increased and then finally decreased as y softened at higher temperatures (Fig.
4.6.2.h). At low strain rates and high temperatures multiple dynamic recrystallization peaks
can be seen as new grains grow at the expense of strain hardened old grains. Multiple peaks
correspond to grain coarsening (Weiss et al., 1983). As the strain rate is increased while
keeping the temperature constant the stress peaks seen at lower strain rates shift towards
higher strains. Comparing the flow curve at 850°C and 0.1 s * with that obtained by Tsuji and
co-workers (Tsuji et al., 1997), it can be observed that adding phosphorous to interstitial free
steel retards DRX. Again comparing the stress at 750°C and 1 s with that obtained by Dong
and co-workers (Dong et al., 2010) suggests that adding phosphorous to a very low carbon
steel expedites DRX.
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Fig. 4.6.2. (a) True stress, true strain curves of S1 steel corrected and uncorrected for

deformation heating at 1050°C, for different strain rates
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Fig. 4.6.2. (b) True stress, true strain curves of S1 steel corrected and uncorrected for

deformation heating at 1000°C, for different strain rates
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Fig. 4.6.2. (c) True stress, true strain curves of S1 steel corrected and uncorrected for

deformation heating at 950°C, for different strain rates
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Fig. 4.6.2. (d) True stress, true strain curves of S1 steel corrected and uncorrected for

deformation heating at 900°C, for different strain rates
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Fig. 4.6.2. (e) True stress, true strain curves of S1 steel corrected and uncorrected for

deformation heating at 850°C, for different strain rates
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Fig. 4.6.2. (f) True stress, true strain curves of S1 steel corrected and uncorrected for

deformation heating at 800°C, for different strain rates
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Fig. 4.6.2. (g) True stress, true strain curves of S1 steel corrected and uncorrected for

deformation heating at 750°C, for different strain rates
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Fig. 4.6.2. (h) True stress, true strain curves of S1 steel corrected and uncorrected for

deformation heating at 10 s™* and different temperatures
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Table 4.6.1 shows the maximum increment in temperature during compression of S1 steel

samples. The lowest temperature increase during hot deformation was observed at the low

strain rate of 0.001 s™*. The flow stresses corrected for adiabatic rise in temperature at a true

strain of 0.6 for S1 steel are presented in Table 4.6.2.

Table 4.6.1: Maximum increment in temperature during compression of S1 steel

Deformation dT (°C) at the strain rate of
Temperature (°C) [ 0.001s1|0.01s?1|0.1s1|05s?t|1s?1]|10s?
750 0.8 1.9 12.6 10.7 15.7 |1 11.5
800 0.9 3.8 6.1 14.3 14.3 | 16.3
850 04 1.2 7.2 14 16.6 | 14.5
900 0.5 2.7 54 9.3 20.7 | 18.3
950 0.8 5.8 4.8 6.1 85 [15.8
1000 1.7 15 2.9 2.2 11 18.9
1050 1.6 2 4.1 2.4 13 18.6

Table 4.6.2: Flow stress at a true strain of 0.6 corrected for adiabatic rise in temperature for

S1 steel

Deformation Strain rate

Temp. (°C) | 0.001s? | 0.01st| 0.1s?t | 055t | 1s?! | 10s?
750 48.35 82.93 | 130.19 | 121.88 | 157.28 | 251.64
800 29.61 50.40 | 86.40 | 112.06 | 122.98 | 202.55
850 25.51 7181 | 106.17 | 117.33 | 166.5
900 39.71 65.76 | 89.93 | 158.22 | 163.53 | 208.51
950 37.32 61.99 | 100.28 | 133.22 | 151.41 | 209.35
1000 31.61 4501 | 7474 | 106.7 | 125.21 | 185.12
1050 25.91 4193 | 62.03 | 89.3 | 103.86 | 165.83
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4.6.3 Microstructure of S1 steel

The optical microstructure of the starting specimen is shown in Fig. 4.6.3.1.

S L 50 um
o A Kes NN AR5 S | —

Fig. 4.6.3.1. Light optical micrograph of S1 steel specimen, hot forged at 1150°C, etched

with 2% nital solution
Light optical micrographs of specimens water quenched after austenitization at 1050°C for 10
s followed by hot compression to a true strain of 0.69 at different temperatures and strain
rates are shown in Fig. 4.6.3.2. All the specimens show a predominantly ferritic
microstructure. A few austenite grains containing high amounts of carbon (Ordonez et al.,
2010) were converted to martensite on quenching. A few pearlite grains are also observed at
and below 850°C (Fig. 4.5.2.2). The ferrite grains may be formed before, during and after
deformation. At 750°C, ferrite exists before the onset of deformation because this
temperature is lower than Ari. At 900°C pro-eutectoid ferrite exists before the onset of
deformation and ferrite is also formed after deformation. At 1050°C, ferrite is formed after

deformation.
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Fig. 4.6.3.2. Microstructures of specimens of S1 steel after hot compression at different
temperatures and strain rates; compression axis is vertical

4.6.4 Processing Map

Processing map for 0.6 true strain is shown in Fig. 4.6.5.2. The iso-efficiency () lines are
shown in the plot of log ¢ versus T. The instability parameter (x) domains which are shown
as shaded area, is superimposed. The maps show positive values of # in the entire testing
zone. Large # values are observed in the region bounded by strain rates between 0.001 s and
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0.01 s! and temperatures between 750°C to 850°C. Large » values are also observed at
higher strain rates of 0.5 s* and 900°C. No instability is found at 0.001 s and all

temperatures.

4.6.5 Discussion

The relation between the microstructures and the deformation mechanisms, and the usability

of processing maps is discussed in this section.

4.6.5.1 Microstructure evolution and processing maps

The microstructure is predominantly ferritic with a few grains of martensite or ferrite-carbide
mixture. Micro-hardness measurements made on the ferrite-carbide mixture phase found in
the specimen compressed at 750°C and 0.001 s! and quenched (Fig. 4.6.3.2), gave an
average value of 490 HV which corresponds to martensite phase of plain carbon steels
containing 0.2 wt. % carbon (Callister and Rethwisch, 2014). This means that at Ary i.e.,
790°C, the amount of carbon in the austenite grains exceeded the average value of 0.05 wt. %
carbon in the bulk due to site competition with phosphorous (H Erhart and Grabke, 1981). An
average value of 218 HV was obtained on conducting micro-hardness measurements on the
needle like features of the microstructure obtained on compressing at 1050°C and 0.001 st
(Fig. 4.6.3.2). This corresponds to the hardness of fine pearlite of about 0.5 wt. % carbon steel
(Callister and Rethwisch, 2014).

The hot compression experiments have been carried out in ferrite, ferrite-austenite duplex
phase and austenite regions. After deformation, ferrite forms during cooling as a function of
both the grain size and the stored energy due to hot deformation. This can be observed to
occur below 900°C (Fig. 4.6.3.2). Compression in the ferrite region at 10 s~ produces a grain
structure which appears elongated and recovered. The microstructures obtained at 850 and
900°C show the results of hot compression in the ferrite-austenite duplex phase region. The
amount of ferrite is more than that of austenite phase at 850°C as compared to the situation at
900°C. The hardness of ferrite is lower than that of austenite (Gove and Charles, 1974) at
higher temperatures. Therefore, the peak compressive stress values recorded at 850°C are
lower than those obtained at 900°C. The microstructures at these temperatures generally
reveal recrystallized grains. The microstructures obtained at 1050°C show recrystallized

grains at all strain rates. These tests were conducted in the austenite regions.
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Microstructural studies suggest that dynamic recrystallization (DRX) takes place at high
temperatures and low strain rates. The stress values increase steadily to a peak and then
soften to a steady state region during DRX (Fig. 4.6.2). As the strain rate decreases the stress
values start decreasing. The trend changes from a high stress value to a peak and further to
multiple peaks at low strain rates and high temperatures. The peak of dynamic
recrystallization shifts from lower strains to higher values on decreasing the temperature.
Hence it can be stated that the tendency for nucleation and growth of new grains is reduced
with increasing strain rate and decreasing temperature (Abbasi and Momeni, 2012).

At moderate temperatures e.g., 850 to 950°C, # is moderate and high at low and moderate
strain rates. # is low and moderate in this range, at higher strain rates as the time allowed for
diffusion is low under these conditions. Both pro-eutectoid ferrite and deformation-induced
ferrite are obtained at moderate and lower temperatures. The formation of deformation-
induced ferrite causes softening to occur, leading to high values of #. Both these kinds of
ferrite can be further deformed by dynamic recovery leading to the formation of sub-grains
(Fig. 4.6.5.1).

: o ,
| =200 pm; BC; Step=2 pm; Grid380x285

Fig. 4.6.5.1. EBSD grain boundary map of S1 steel specimen, hot forged at 900°C. Grain
boundaries are dark (black) and the sub grain boundaries are light (green). Compression axis

is horizontal.
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As the strain rate increases the value of # decreases (Chakravartty et al., 1995). This can be
observed in the processing map (Fig. 4.6.5.2). » parameter is related to workability due to
diffusion controlled processes. The values are large at low temperature and low strain rates.
The diffusion processes in this range include the formation of ferrite and its dynamic
recovery. At higher temperatures higher values of # are due to the dynamic recrystallization

of ferrite. In the low strain rate region, no instability can be observed at all temperatures.
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Fig. 4.6.5.2. Processing map of S1 steel as a function of temperature and strain rate for the
true strain of 0.6, constructed using modified DMM of Murty and Rao (Murty et al., 2003)

Fig. 4.6.5.3. SEM micrographs of S1 steel after hot compression (a) with strain rate of 0.001

s tand 850°C; (b) with strain rate of 10 s"*and 918°C; compression axis is vertical

Representative micrographs of the specimen deformed at 0.001 s *and 850°C, at 10 s * and
918°C are shown in Fig. 4.6.5.3. The specimen deformed at 0.001 st and 850°C does not
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show any instability. The specimen deformed at 10 s and 918°C shows instabilities. Flow
softening occurs because of adiabatic heating (Table 4.6.1) during hot working at high strain
rates (Murty et al., 2000). Short times of deformation lead to damage due to less restoration
of the microstructure (Fig. 4.6.3.2). The low restoration is supported by low values of
parameter. Literature suggests that the tendency for flow localization can be reduced upon
the maximization of » (Murty et al., 2000). Therefore, softening produced by adiabatic

heating will cause damage if restoration is inadequate i.e., # is small.

Thus, safe processing windows have been identified to facilitate the manufacture of strong
and tough high phosphorous steels having improved corrosion resistance for concrete

reinforcement applications.
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Chapter 5
SUMMARY AND CONCLUSIONS

The salient conclusions based on the experimental results obtained in the present study are
summarized in this chapter. Three high phosphorous steels were prepared using the ingot
casting route. After forging, rolling and heat treating the prepared steels, different samples
were prepared and studied for metallography, mechanical properties, corrosion behaviour and
thermo-mechanical processing. The effect of thermo-mechanical parameters on the
microstructure and grain size of the prepared high phosphorous steels was understood and the
window for safe hot processing of S1 steel was found out using processing maps. Plain

carbon steel was used for comparison purposes.

The conclusions are divided into five sub-headings related to the area of investigation,
namely phase transformation, mechanical properties, corrosion behaviour, grain refinement

during thermo-mechanical processing, and hot formability.
I. Phase transformation studies reveal that:

» The Ary temperatures of S1, S2 and S3 steels were estimated as 790, 813 and 805°C
respectively using continuous cooling transformation tests. The Ars temperatures of
S1, S2 and S3 steels were estimated as 965, 941 and 925°C respectively.

» The removal of phosphorous from the grain boundaries of S3 steel held at 865°C,
within the (o+y) phase field was found to approach completion at 24 h. The variation
of contrast within ferrite, attributable to etching with Oberhoffer's reagent was non-
existent at 24 h. Thus, the optimum time for complete removal of phosphorous from
the grain boundaries to grain interior at 865°C lay between 4h and 24 h.

> In order to achieve the same situation S3 steel specimens held at 900°C would need
lesser time. S3 steel specimens should be held at 900°C for a time period between 1.9
to 11.6 h to allow the phosphorous atoms to travel the same diffusion distances and
reach similar equilibrium distribution of phosphorous between austenite and ferrite.
Since fine grain size is linked with better impact toughness, very long heat treatments
were undesirable. Therefore, 1h and 6 h at 900°C were chosen for heat treatment.
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I1. Mechanical properties and fractography studies reveal that

» The removal of phosphorous from the grain boundaries of S3X3 steel is confirmed by
SEM-EDS analysis. This displacement of phosphorous from the grain boundaries
ensures better toughness of the steel.

» The Indian standard for steel bars and wires for concrete reinforcement (Indian
Standard 1786, 2008) specifies YS as 415 MPa, UTS as 485 MPa, and elongation as
14.5% for Fe-415 (Fe-0.3C-0.06P) rebar. The impact toughness of S4 steel is 222 J.
YS of S3 steel in X2 condition is 375 MPa, UTS is 465 MPA and elongation is 30%.
The impact toughness is 247 J, although scatter is higher than that recorded for S4
steel. Scatter could also be due to higher amount of inclusions since the steel was made
in an induction furnace. Thus, it compares well with Fe-415 rebar. Therefore, S3 steel
is a good candidate for development as a concrete reinforcement rebar.

» The S1 steel in X3 condition is close to the 0.09 carbon steel in toughness, with lesser
strength and greater ductility. S2 steel in X3 condition shows high impact energy
irrespective of the region (gamma/duplex) in which it is worked or heat treated. Again,
the S3 steel in X3 condition achieves the highest impact energy (284J). Therefore, heat
treatment in intercritical region improves toughness of high phosphorous steels.

> A pattern is observed in the UTS values of the three prepared high phosphorous steels
in the X5 condition. The UTS values decrease with an increase in alloying i.e., UTS
decreases in the following way S1X5 > S2X5 > S3X5 on hot rolling at 900°C within
the (a+y) region of the Fe-P phase diagram as the amount of alloying increases. Hence,
hot working in the intercritical region is more effective for removal of phosphorous
from the grain boundaries of the high phosphorous steels.

» S3X3 steel has the highest impact toughness of 284 J and hence was tested for
corrosion resistance in saturated Ca(OH)2 solution with chloride concentration of 0.1
wt. % along with the annealed samples.

I11. Corrosion behaviour studies reveal that:

» The potentiodynamic polarization studies of high phosphorous steels in saturated
Ca(OH) solution containing up to 0.1 wt. % chloride concentration revealed a stable
passive behaviour and good pitting corrosion resistance whereas, plain carbon steel

could withstand, only up to 0.06 wt. % chloride.
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LPR and OCP measurements also confirmed the improved performance of high
phosphorous steels in saturated Ca(OH)2 solution containing upto 0.1 wt. % chloride
concentration.

EIS studies revealed that the polarization resistance of high phosphorous steels
increased with immersion time in saturated Ca(OH)2 solution containing 0.1 wt. %
chloride concentration indicating improvement in the protective ability of the
protective film. On the other hand, the plain carbon steel corroded actively in 0.1 wt.
% chloride-containing saturated Ca(OH)2 solution.

Corroded surface of S3 steel tested in saturated Ca(OH)2 solution with 0.14 wt. %
chloride solution suggests that MnS inclusions along with aluminium oxides could be
crucial in the initiation of pits since they attract chloride ions. The presence of
phosphorous outside the pits indicate that phosphorous could have played a positive
role in blocking the entry of chloride ions and thus prevents pitting.

EIS scan of S3X3 sample immersed in saturated Ca(OH). solution with 0.1 wt. %
chloride for 65 h revealed that the protective ability of its passive film improved with
time of immersion.

Thus, the S3 steel has a potential to deliver improved corrosion performance in

concrete environments provided weldability concerns are suitably addressed.

IV. Grain refinement and microstructural evolution during thermo-mechanical

processing. These studies reveal:

>

An average grain size of 5-7 um can be obtained for the high phosphorous steels when
worked at lower temperatures of the (a+y) region of the phase diagram.

In general, the grain size decreased with an increase in strain rate and a decrease in the
deformation temperature. However, the adiabatic rise in temperature caused deviations
from the general trend.

Generally, higher alloying in the high phosphorous steels increases the activation
energy and hence retards the recrystallization of austenite, resulting in the increment of
peak flow stress.

Increased P content in the steels causes the peak stress to first decrease from 750°C to
850°C, then increase from 850°C to 950°C and then decrease again from 950°C to
1050°C, at all strain rates, in general. Hence, it can be hot worked at temperatures near

850°C to achieve fine grain size.
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> Fine grained steel is expected to show better impact toughness. Hence toughness can
be further improved by producing finer grained high phosphorous steel by thermo-

mechanical processing.

V. Hot formability studies reveal that:

» On comparing with the interstitial free steel studied by Tsuji and co-workers (Tsuji et
al., 1997) it can be observed that the addition of 0.13 wt. % of phosphorous to pure
iron causes the peak flow stress to increase by 33% at 850°C and 10s™* strain rate.

> A processing map for S1 steel is developed over a wide range of deformation
temperatures and strain rates by using the modified dynamic materials model.

» High values of » at low strain rates and high temperature result from dynamic
recrystallization of austenite. High values of 7 at low strain rates and low
temperatures are the result of ferrite formation and dynamic recovery of ferrite.

> Instability domain is found to occur between 850-1050°C for strain rates between 10-
0.5 s'1. Another domain is found at 750-850°C and 0.01-0.5 s™! strain rates. A third
domain is located at 900-1000°C between 0.5-0.01 s strain rates.

> Stable domains occur at 900°C and 0.1 s! strain rate, between 1000-1050°C and
0.001-1 s ! strain rates and between 750-1050°C at 0.001 s™* strain rate.

Therefore, fine grained high phosphorous steel rebars, having good impact toughness and
improved corrosion resistance can be manufactured. The safe processing window can be
utilized for this purpose. The prepared rebars can be used for concrete reinforcement

applications after suitably addressing the weldability concerns.
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Chapter 6
SUGGESTIONS FOR FUTURE WORK

The following works are suggested for the further investigation of high phosphorous steels.

1.

The concentration of phosphorous can be increased and the resulting steel can be

studied for the increase in mechanical strength and corrosion resistance.

The EIS studies of the steels prepared in this work can be carried out for longer

periods of time, e.g., a few months to a few years.

Atmospheric exposure study of steels prepared in this work can be conducted over

periods of time to understand the long term rusting process.

Weldability of the prepared high phosphorous steels can be studied.
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