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Abstract

Effect of Chromium and Manganese on

Corrosion Behavior of Fe-TiC Composites

Izumi N. Reed

Supervising Professor: Dr. Margaret Ziomek-Moroz

The goal of this thesis is to determine the corrosion behavior of a new class of
advanced materials, namely: titanium carbide reinforced iron composites containing
chromium (Fe-Cr-TiC) and chromium and manganese (Fe-Cr-Mn-TiC). TiC has
excellent physical properties, such as high melting point, low density, high Vickers
hardness value, high electrical resistivity and low thermal expansion. Due to their great
wear resistance characteristics and toughness, these materials show potential applications
in pulp and paper industries, mining and mineral processing industries, metallurgical
industries, cement industries, and electric industries. Some components made of these
materials may work under a combined action of corrosion and wear. This study is aimed
at determining the corrosion behavior using electrochemical methods such as
potentiodynamic and potentiostatic. Two different electrolytes were used in this research:
IN (0.5 M) sulfuric acid (H,SO,) and 1IN (0.5 M) sodium sulfate (Na,SO,). The
experiments were performed on the following materials; Fe-TiC, Fe-Cr-TiC, Fe-Cr-Mn-

TiC and their matrix materials.



Chapter 1

Introduction

1.1 What Are Metal Matrix Composites?

Generally, the man made materials that contain two different chemicals or
materials and a specific interface separating the elements are called composites.“]
Composites are generally fabricated to achieve better properties that cannot be obtained
by each constituent element. Metal matrix composites (MMC) consist of at least one
metal matrix and one or more reinforcements. In most cases, MMC can achieve higher
toughness, strength, stiffness and impact properties, and better electrical and thermal
properties than their constituent elements or alloys. 2 The processing of MMC is different
from the processing of multi-phase alloys. When MMC are fabricated, a matrix and
reinforcement are mixed together. MMC usually have very superior mechanical
properties in extreme conditions and environment. A metallic phase material that can be a
matrix is mixed with an another phase (reinforcement). One of MMC is Al-SiC that is a
mixture of aluminum (matrix) and silicon carl;ide (reinforcement).m Another example of
MMC is Fe-TiC that is a mixture of iron (Fe) and titanium carbide (reinforcement).

Some MMC stress-strain curves show three stages. The first stage represents
elastic deformation of both the matrix and the fiber or the reinforcements. The second
stage usually represents the matrix deforming from elastic to plastic while the fiber or the
reinforcements still remain elastic. The last stage represents both the matrix and the fiber

or the reinforcements that undergo plastic deformation. Other MMC stress-strain



curves only show two stages that usually are stage one and stage three.

Thermal stress may be caused by the different temperature gradients within the
composites, or the different thermal expansion of matrix and reinforcement under
constant temperature. So, it is important to know the properties of each constituent

element when designing MMC. "

1.2 What Is TiC?

In TiC, the covalent bonding between titanium and carbon is very strong. The
melting point of TiC is 3067 °C that is much higher than that of titanium. Its molecular
weight is 59.91 g/mol. The color is silver gray. It is a good electrical conductor. The
thermal conductivity is 21 W/m °C. The thermal expansion is 7.4x107/°C. Vickers
hardness is 28 ~ 35 GPa. Oxidation starts slowly in the air around 800 °C. The metal to
carbon ratio affects magnetic susceptibility. TiC is very resistant to most chemicals and
acids except HNO; and HF. Therefore, this material is suited for high temperature

environment applications.”

1.3 Fabrication Methods of Fe-TiC

In most cases, MMCs are fabricated using reinforcement such as long fibers, short
fibers, short whiskers or small particles (e.g. tungsten, silicon carbides and carbon). Then,
they are added into matrix (e.g. aluminum) to form MMCs. The fabrication processing
technologies of Fe-TiC at the U.S. Departrhent of Energy, Albany Research Center
involves powder metallurgy and melt-solidification processing.[‘q

The powder metallurgical processes of Fe-TiC can be achieved by sintering TiC
powders with Fe based matrix powders or self-propagating high-temperature synthesis
(SHS) processing of elemental powders of Fe, Ti and C. These technologies are described
in Chapter 1.3.1.

The melt-solidification processes of Fe-TiC composites involve ;addition of TiC

powders in an iron-based melt or in-situ reaction described in Chapter 1.3.2.1%



1.3.1 Powder Metallurgical Technology

To obtain Fe-TiC composites by sintering, TiC powder is added to Fe based
matrix powder.! Then, processed by pressing the powder to a desired shape followed by
the liquid phases sintering, the reaction sintering, or the hot pressing (pressure sintering).
Some of the powder pressing techniques are tape casting, extrusion, injection molding,
isostatic pressing, and slip casting. Sintering is a process to bond powder particles
together. It causes shrinkage, densification, and grain growth. To achieve good final
products, powder particles should be small, have equiaxed shape and high purity. There
are a few criteria that must be fulfilled to complete sintering. For liquid sintering, it is
important to have liquid or molten metal that can wet the solid at sintering temperature. It
is also important that solids have good solubility properties in liquid or molten metal. For
reaction sintering, it is necessary to add additives to start the reaction. Pressure sintering
requires high pressured gas, high temperature and/or vacuums environments. ®*

The other process is called Self-propagating High-temperature Synthesis (SHS).
SHS is one of the processes for joining similar or dissimilar advanced materials and
hybrid structures using exothermic reaction. Moreover, this process is another
manufacturing method for powders used in powder metallurgy and ceramic materials. It
can decrease the processing time and energy input, and produces relatively pure
composites. ©©

The SHS process is a result of reactions between metals and non-metals or gases
using exothermic reaction. The SHS uses cons:tituent elements of powders. For instance,
precipitate of TiC is formed by the SHS reaction of titanium and carbon powders.”
Another example is tungsten reacts with carbon to produce tungsten carbide. SHS
processing usually starts by mixing and compressing powders into desired shapes before
synthesizing. After the desired shape is achieved, an energy source is added to initiate the
process. The energy source can be a heated filament, laser or etc. Usually, this energy

source, which is added to the one end of compacted materials, becomes a combustion



wave that is carrying energy though the entire composites without additional external

energy. 3, 61

1.3.2 Melt-Solidification Processing Technology

During the melt solidification process of Fe-TiC composites, there could be a few
problems that may result in segregation of constituent phase creating an uneven
distribution of carbide particles in the composites caused by the different densities
between the ferrous matrix and the TiC precipitate phase. However, it is possible to
produce small samples without such problems by using an electromagnetic stirring
technique and a levitation technique.

Another melt solidification processing technology is called in-situ process. This
process starts with a liquid metal (matrix). Then, the liquid metal reacts with the injected
gas to form a ceramic reinforcement. For instance, TiC reinforced aluminum copper
alloys are produced by CHy and argon gas injected into Al-Cu-Ti melt. Another in situ
process involves directional solidification of the liquid metal to form composite. For this
technique, the titanium is added to a liquid high-carbon iron mixture.! By exothermic
reaction, the TiC precipitates are formed as a result.™ After that, composite ingots or cast

parts are produced.



1.4 Corrosion and Wear Behavior of Fe and TiC

Fe-TiC composites show great promise for corrosive wear applications because of
their excellent abrasion resistance. There is no literature available for Fe-TiC composite
concerning their corrosion behavior in aqueous solutions and the role of corrosion in
corrosive wear. There is some literature data available for the matrix (Fe) and
reinforcement (TiC) on corrosion and wear behavior.

For example, high carbon steel contains 0.7 percent — 1.0 percent carbon is used
in many applications because of their good wear resistance and hardness. ™ 1t passivates
in alkaline solutions with high pH at ambient temperature. However, it pits in neutral and
alkaline salt solutions containing chloride.”’ It might corrode without proper coating or
other protection; therefore, it is not suited for corrosive wear application.

TiC is sometimes used for coatings on steel to improve corrosion resistance. It has
been documented that TiC coatings on the steel decreased corrosion rate, dissolution and
passive current density when they are compared with bare stee].™

Furthermore, chromium and manganese are added to Fe-TiC composites. The
addition of chromium to the iron would improve impact strength, oxidation and corrosion
resistance.”” Also, manganese and chromium are classified as carbide stabilizers."® Iron
based alloys having at least 12 percent chromium passivate in most dilute aerated
solutions. ™

The abrasive wear tests performed on Fe-TiC and Fe-TiC-Cr composites show
that the high purity iron exhibits higher wear rate than the carbide reinforced composites.
Moreover, the addition of chromium to Fe-TiC composites improved their wear rate.

Furthermore, Fe-Cr-TiC composite showed much better abrasive wear rate than white

cast iron.?



Chapter 2

Research Objectives

The main goal of this research was to determine the corrosion behavior of Fe-TiC
reinforced composites in 1IN sulfuric acid and 1N sodium sulfate. Fe-TiC reinforced
composites were compared with Fe-Cr-TiC and Fe-Cr-Mn-TiC to determine the effect of
addition of chromium and manganese on the corrosion behavior in these environments.
Additionally, the corrosion behavior of Fe-TiC reinforced composites were compared to
their pure matrix composites to determine the effect of TiC. In order to accomplish the
goal, potentiodynamic and potentiostatic experiments were carried out. Also, their open

circuit potential values were determined in H,SO,4 and Na,SO,.



Chapter 3

Experimental Procedures

Due to the electrochemical nature of the corrosion process occurring in this
system, the electrochemical techniques were used to determine their corrosion
characteristics. Potentiodynamic experiments were used to compare the corrosion
resistance of the samples that were used during this research in a specific environment.

The setup used for the potentiodynamic, potentiostatic, and open circuit, also
called free corrosion potential (Ecorr) experiments is shown in Figure 3-1. EG & G
Princeton Applied Research Potentiostat / Galvanostat Model 273A was connected to an

IBM compatible PC to collect data. All the data were plotted by using KaleidaGraph.

3.1 Electrolytes

The experiments were performed in 1 N (0.5 M) sulfuric acid (H,SO4) and 1 N
(0.5 M) sodium sulfate (Na,SOy) because some of the electrolytes present in the pulp and
paper industry contain sulfur. Moreover, the literature data and Pourbaix diagram
conformed that Fe dissolves at low pH and passivates at neutral pH. The experiments

were curried out in non-deaerated solutions at room temperature.



IBM Compatible PC

AN

O
EG & G Princeton

—— 1

3 [ Applied Research Potential /
Galvanostat Model 273A

Working Counter
Electrode Electrode

Figure 3-1. Experimental Setup




3.2 Specimens

The chemical composition of the materials used during this research is listed in .
Table 3-2-1 (composites) and Table 3-2-2 (matrix of composites). All materials were
prepared at the U. S. Department of Energy, Albany Research Center. The composites
were manufactured by melting a charge of electrolytic Fe, C, Mn, and sorel iron in a
vacuum induction furnace. When the vacuum chamber of the induction furnace reached
the maximum vacuum level, it was filled with argon gas until 1/3 of atmospheric pressure
was reached. Before the chamber was closed, ferrotitanium was placed in a scoop that
could be handled from outside. After the charge was melted, the molten alloy was heated
for additional 5 minutes. During these 5 minutes, the ferrotitanium was added gradually
into the molten alloy, and stirred by intuitive forces. Before the molten alloy was poured
into a graphite mold, it was held inside the furnace for another 3 minutes. To minimize

the shrinkage, a hot tub was used.

Table 3-2-1. Chemical Composition of Fe-TiC, Fe-Cr-TiC, and Fe-Cr-Mn-TiC

Material Compositions (numbers are wt. %)
Fe-Cr-Mn-TiC 421Ti, 1.81C,149Cr, 13.5Mn 1.138i,0.13 0
Fe-TiC 1.27Ti, 1.61 C 0.095 81, 0.0553 O
Fe-Cr-TiC 1.34Ti, 1.74 C,19.2Cr 0.111 8i, 0.0707 O

Table 3-2-2. Chemical Composition of matrix of Fe-TiC, Fe-Cr-TiC, and Fe-Cr-Mn-TiC

Material Compositions (numbers are wt. %)
Matrix of Fe-Cr-Mn-TiC 0.8C,149Cr,13.5Mn 1.10Si
Matrix of Fe-TiC 1.30C 0.10 Si
Matrix of Fe-Cr-TiC 1.42C,19.2Cr 0.10 Si




10

Figure 3-2-1 shows specimen geometry. The back face of each specimen was spot
welded with a copper wire to achieve electrical contact. A Teflon tube protected the
copper wire from corrosion. The specimens were flat round pieces approximately 1.5 cm
in diameter. The specimens were mounted in epoxy. A 600-grit silicon carbide paper was

used to polish the specimen surface before each experiment.

r\/_;L\T ]
eflon Tube

/C opper Wire \
‘/

Epoxy
Front View \

Side View

L

Figure 3-2-1. Specimen Geometry
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3.3 Microscopic Observation
Figure 3-3-1 shows an optical micrograph of Fe-Cr-Mn-TiC (500X). TiC is

distributed evenly. As an example, as it shown, TiC particles are distributed uniformly.
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Figure 3-3-1. Optical Micrograph of Fe-Cr-Mn-TiC
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3.4 Potentiodynamic Experiments

The potentiodynamic experiments were performed to determine active, active-
passive, and passive regions. The experiments were carried out at a scan rate of 2.0
mV/sec. All potentials were measured versus a saturated calomel electrode (SCE). The
counter electrode used during the experiments was made of a platinum mesh. The
specimens were cleaned by applying a potential of 1V more negative than the free
corrosion potential for two minutes before each anodic experiment. The results of
potentiodynamic experiments are presented by the polarization curves. An idealized

polarization curve for many common solutions is shown in Figure 3-4-1.

(+) -
Transpasswe State
JPjasswe State
Epp

E vs. SCE T V\

; Active-Passive State
(Volts) Open Circuit \
Potential ctive State
) '
I
Ipassive I (AmP/ cm’\2) Icritical

Figure 3-4-1. Idealized Polarization Curve for Many Common Solutions
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3.5 Potentiostatic Experiments

The potentiostatic experiments were performed by applying the constant
potentials from the active and passive regions. The values of active and passive potentials
were determined by using the polarization curves (Figure 3-4-1). A change in current
density with time was monitored during the experiments. The experiments were carried
out for 15 minutes.

An example of the potentiostatic experiment is shown in Figure 3-5-1. A
decreasing in current with time represents the passivation of the material. A current is
decreasing linearly means the material is not reaching its true steady state. A slight
increase in current or no change in current with time indicates the dissolution of the

material.'®

I (Amp/cm”2)

Time (sec)

Figure 3-5-1 Result of Potentiostatic Experiment

3.6 Open Circuit Potential

The open circuit potential experiments are used to determine whether or not their
current values stay in the active or passive state which are determined in the
potentiodynamic experiments. The experiments were carried out for at least 12 hours. An

example of open circuit the experiment is shown in Figure 3-6-1.
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Chapter 4

Results and Discussion

4.1 Effect of Chemical Composition of Composites

4.1.1 Fe-TiC and Fe-Cr-TiC in 1N H,SO,

As it is shown in Figure 4-1-1-1, reproducibility of the potentiodynamic
experiments is very good.

Figure 4-1-1-2 shows anodic polarization curves for Fe-TiC and Fe-Cr-TiC in IN
sulfuric acid solution. Fe-TiC and Fe-Cr-TiC show active, active-passive, passive and
transpassive states. Up to 1V, Fe-TiC exhibits higher current values than Fe-Cr-TiC. The
value of the critical passivation current (Igitica) for Fe-TiC is 3 x 107 Amp/cm2 at
approximately —0.1 V. The current values stay constant up to 0.3 V forming a plateau
similar to the one for iron. The presence of this plateau could be explained by forming a
partially insulating film of FeSO4 on the surface of Fe-TiC composite. ™"

For Fe-Cr-TiC, the value of Lyiscq is approximately 3 x 102 Amp/cm2 at 0.1 V.
The values of the primary passive potentiéll (Epp) for Fe-TiC and Fe-Cr-TiC are
approximately the same, but the current values are lower for Fe-Cr-TiC than those for Fe-
TiC.

For Fe-TiC, the current value in the passive region is 5 x 107 Amp/cm?® at

approximately 0.4 V. For Fe-Cr-TiC, the current value is 3 x 10 Amp/cmz.

15
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For Fe-TiC, the passive region is from 0.4V to 1.5V whereas for Fe-Cr-TiC is from 0.4 V
to 0.9 V. This difference in the passive region range could be explained by the Pourbaix
diagram for iron superimposed on the Pourbaix diagram for chromium shown in Figure
4-1-1-3. The shaded area indicates the stability of Cr,O; in Figure 4-1-1-3. Figure 4-1-1-3
indicates the following films, Fe3;04, Cr,03 and Fe,0s.

The literature data also show that the film formed on the surface of Fe-22Cr at
+0.5 V in sulfuric acid has 4 to 5 times higher concentration of Cr than the film formed in
the air. The oxide layer showed 88 to 95 % Cr and 12 to 50 % Fe depending on the

passivation time. "%

4.1.2 Fe-Cr-TiC and Fe-Cr-Mn-TiC in 1IN H,SO4

Figure 4-1-2-1 shows anodic polarization curves for Fe-Cr-TiC and Fe-Cr-Mn-
TiC in IN sulfuric acid solution. Both investigated material show the active, active-
passive, passive and transpassive states.

At any applied potentials, the current values for Fe-Cr-TiC and Fe-Cr-Mn-TiC are
very similar to each other. The value of Lyiica 18 approximately 3 x 102 Amp/cm2 at 0.1
V for Fe-Cr-TiC and at —0.4 V for Fe-Cr-Mn-TiC. The current value for Fe-Cr-TiC and
Fe-Cr-Mn-TiC in the passive region is 3 x 10 Amp/cm2 at 0.35 V. For both materials,
the transpassive region starts at 0.9 V. This is probably a beneficial effect of chromium.

The shape of the anodic polarization curves for Fe-Cr-TiC and Fe-Cr-Mn-TiC are
very similar to each other, but addition of mariganese affects the dissolution in the active
region. This could be explained by Pourbaix diagram for manganese shown in Figure 4-1-

2-2. This diagram indicates a large region of Mn™™.
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4.1.3 Fe-TiC, Fe-Cr-TiC, Fe-Cr-Mn-TiC and matrix of Fe-TiC in H,SO4

Figure 4-1-3-1 shows anodic polarization curves for Fe-TiC, Fe-Cr-TiC, Fe-Cr-
Mn-TiC and the matrix of Fe-TiC in the sulfuric acid solution. In the passive region, the
matrix of Fe-TiC shows lower current values than Fe-TiC and higher current values than
the composites containing the chromium and the manganese. This indicates that the
passive film formed on Fe-TiC is less protective than the one formed on the surface of the
Fe-TiC matrix.

It is not surprising that the lowest current in the passive region is observed for the
composites containing chromium. It is known that chromium increases corrosion
resistance of steel. In the active region, Fe-TiC and the matrix of Fe-TiC is very similar to
each other. They both show a plateau similar to the one observed for iron in H,SOs.
However, the composites containing the chromium and the manganese show lower Lyiscal

than Fe-TiC and the Fe-TiC matrix.

4.1.4 Fe-TiC and Fe-Cr-TiC in 1N Na,SO,

Figure 4-1-4-1 shows anodic polarization curves for Fe-TiC and Fe-Cr-TiC in the
IN sodium sulfate solution. Both materials show active, active-passive, passive and
transpassive states.

Up to a potential of 1V, Fe-Cr-TiC shows lower current values than Fe-TiC. The
Fe-Cr-TiC composite reaches Lyitica Of 3 x 103 Amp/cm2 at 0.0 V. The current values in
the passive region are approximately 6 x 10” "Amp/cmz and the passive region begins at
03V.

Fe-TiC reaches its Lgca Of approximately 3 x 107 Amp/cm2 at —-0.3 V. The
current values in the passive region are approximately 10” Amp/cm? at 0.3 V.

The literature data indicate that for Fe-23Cr, Cr in the oxide film is primarily Cr**
in an acidic solution with pH of 4.5. In this solution, the film formed at the beginning of
the passive region contains to 100 % Cr and at the end of the passive region the Cr

concentration is decreases to 50 %. %
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4-1-5. Fe-Cr-TiC and Fe-Cr-Mn-TiC in 1N Na,SO,
The shape of the anodic polarization curves for Fe-Cr-TiC and Fe-Cr-Mn-TiC in .
the 1IN sodium sulfate solution are different from each other (Figure 4-1-5-1). However,
both investigated materials show active, active-passive, passive, and transpassive regions.
Fe-Cr-TiC reaches Igca Of 3 X 107 Amp/cm2 at 0.0 V. The current in the passive
region starts at 6 x 10° Amp/cm?’ and at the potential value of 0.3 V. The transpassive
state begins at approximately 0.75 V. _
Fe-Cr-Mn-TiC reaches ILuics value of approximately 3 x 10 Amp/em’ at
approximately -0.1 V. This value is almost constant up to 0.3 V. At 0.4 V, current drops
to approximately 7 x 10° Amp/cmz. The transpassive state starts at 0.8 V.
The open circuit potential for Fe-Cr-TiC is slightly higher than that for Fe-Cr-Mn-
TiC. The current values for Fe-Cr-TiC and Fe-Cr-Mn-TiC in the passive region are very
similar to each other. The value of the primary passive potential (Eyp) is approximately

the same for both materials; however, Fe-Cr-Mn-TiC shows lower Lsical.

4-1-6. Fe-TiC, Fe-Cr-TiC, Fe-Cr-Mn-TiC and Fe-TiC matrix in Na,SO,

Figure 4-1-6-1 shows anodic polarization curves for Fe-TiC, Fe-Cr-TiC, Fe-Cr-
Mn-TiC and the Fe-TiC matrix in the sodium sulfate solution. The lowest Litca iS
observed for Fe-Cr-Mn-TiC. In the passive region, Fe-Cr-TiC and Fe-Cr-Mn-TiC show
similar current values. Similar I.ca Values are observed for Fe-TiC and the matrix of Fe-
TiC. Similar to the results observed in the suli‘un'c acid solution, the film formed on Fe-

TiC is less protective than the one formed on the matrix of Fe-TiC.
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4.2 Effect of TiC
4-2-1. Fe-TiC and Matrix of Fe-TiC

Figure 4-2-1-1 shows anodic polarization curves for Fe-TiC and the matrix of Fe-
TiC in 1N H,S0O,. The shape of the polarization curves for both materials are very similar
to each other. The passive regions for both materials are between approximately 0.4 V
and 1.6 V, but the current values in the passive region are different. The current value for
the matrix of Fe-TiC in the passive region is lower than that for Fe-TiC. This indicates
that the film for the composite is less protective than that for the matrix, and the
properties of the passive films are different. They both showed plateau similar to the one
observed for iron.

Figure 4-2-1-2 show anodic polarization curves for Fe-TiC and the matrix of Fe-
TiC in 1IN Na,SO,. In the passive region, the matrix of Fe-TiC shows lower current
densities than Fe-TiC. For both materials, the potential values of E,, and the passive
region are very similar to each other. The current value of ILyijca for Fe-TiC is 3 x 10!
Amp/cm’ and for the matrix of Fe-TiC is 10" Amp/cm®. The value of current in the
passive region for the matrix of Fe-TiC is approximately 2 x 10* Amp/cmz, and the value
of current in the passive region for Fe-TiC is 10% Amp/cm®. This indicates that, the

addition of TiC probably activates the substrate in the passive region.

4-2-2, Fe-Cr-TiC and Matrix of Fe-Cr-TiC

Figure 4-2-2-1 show anodic polarizatidn curves for Fe-Cr-TiC and the matrix of
Fe-Cr-TiC in 1N H,SO4 The different current densities are observed in the active and
active-passive regions. This is probably caused by the addition of TiC that activates the
substrate in the active and active-passive regions. The ILcitica is 3 X 102 Amp/cm2 at-0.1
V for Fe-Cr-TiC and 107 Amp/cm2 at — 0.4 V for the matrix of Fe-Cr-TiC. The values of
the current densities in the passive region are approximately the same. The transpassive

region is reached at the same value of potential and current density.



29

POSTH N1 Ut DLL-3 JO XL PUt L] -9 10§ SIAIN)) UONIBZLIB[0g ANpouY °I-1-T- Jn3ig

(zvwordwy) |
Ot ] -0} o0t ]

,jj:: T T _:.:. L —.—qﬁiqlgjgjlq% N

- : S d1 g1-
- ” TR I
- : TSRO SOURS ] ] e 1 g0
S : w m m L]
e A SRR S b 0
S b T S S 1 g0
- : , I | : ' : . L

- : . i ] ! ! . ' .

X ; : ;b : " " : ]
e e heeeeeans UL W (U Eeeeaeeens b b baceenn i I
SR SN SR Y S N S I -
K w POSTH Ul D110 mmmmw | ]

[aiie s o i N

POSIH U DLE-84 JO XINBI e

308 'sA(AN) 3



30

POSTEN N1 U DLL-24 JO XLNEJA| PUE DLL-3 40§ SIAIN)) UONEZLIBIOJ JPOUY “T-[-Z- JnSLg

(Zvwosdwy) |

e beeneens b Lo ST SR e SR b 1 g't-

e £ SO SRR SUUUPUUR Mosse: oz e - J -
il iris Hai RS A m
SN L] <
o i e = R N 10 b
[ : ] mbu
IRRRRE R B RN Sty SEELL L SR SRRLIE feeeeees 4 S0 m
e A SUUUUL ST YU UUUNU BRSSP SURR R 31

F L]
BT L e e . 3 g}

- M -

5 ' -

- ; POSZEN Ul Ol1-8f mmmmm | .

VOGZEN U DLL-8- 1O XU




31

POSTH NT W DLL-ID-3] JO XLBJA PUE DLL-1D)-3 0] SIAIND) UOHZLIE[0g JPOUY °*[-7-7-p dmBLg

(Zvwosdwy) |
Ot 0L Ol

©
=)
-

®
o
-

h:_._ T 1 _._._:.. L] _::._ T ﬂgjjqjjﬂﬂjll
SRS SRR OSSN SRS PSSR S S ] G
ST L D - SRS D S
- T ] SO m
: - - 2
|| ........ ' ' W.....-....“ .................. .w -------- |M O .AM
- w M m ] 0
T js0 R
S e e J 4
SENSRURIUS HRNVRRINS S A0 POSTH Ul O1L~00d = === |.] &'}

: FOSZH Ul D130 JO XUABA e | ]

1 ¢




32

Figure 4-2-2-2 shows the anodic polarization curves for the matrix of Fe-Cr-TiC
and Fe-Cr-TiC in 1N Na;SO,. The shapes of the anodic polarization curves for the matrix
of Fe-Cr-TiC and Fe-Cr-TiC are very different from each other in this solution. For the
matrix of Fe-Cr-TiC, the value of Lyigca is 6 X 10 Amp/cm? at 0.0 V and the value of the
current density in the passive region is 3 x 107 Amp/cm2 at 0.0 V. For the matrix of Fe-

Cr-TiC, the current values in the passive region and I sca are very close.

4-2-3. Fe-Cr-Mn-TiC and Matrix of Fe-Cr-Mn-TiC

Figure 4-2-3-1 shows the anodic polarization curves for Fe-Cr-Mn-TiC and the
matrix of Fe-Cr-Mn-TiC in IN H,SOg4. The value of Lyca for Fe-Cr-Mn-TiC is 3 x 10
Amp/cm® at approximately — 0.4 V and for the matrix of Fe-Cr-Mn-TiC is 9 x 107
Arnp/cm2 at approximately — 0.4 V. The current value in the passive region is 3 x 10*
Amp/cm2 at approximately 0.35 V for Fe-Cr-Mn-TiC, and approximately 107 Amp/cm2
at — 0.1 V for the matrix of Fe-Cr-Mn-TiC. The passive region for the matrix of Fe-Cr-
Mn-TiC is from -0.1 V to approximately 0.9 V. The passive region for Fe-Cr-Mn-TiC is
from 0.35 Vto 0.9 V.

Figure 4-2-3-2 shows the anodic polarization curves for Fe-Cr-Mn-TiC and the
matrix of Fe-Cr-Mn-TiC in 1N Na,SOg. The matrix of Fe-Cr-Mn-TiC shows the passive

behavior.



33

YOSTEN N1 Ul DLL-ID-34 JO XLOBIA pug DL -1)-d) J0j SIAIN)) UOIIBZLIV[O] POUY "Z-7-T7-F danSig
(zvuoyduy) |

O 0l 0l &0l 0L

—H-:- LI ) —::-J LI —:-: LU —-.:ﬂ- T 1T —::-ﬁ LB ] —:-H- T T ?qdu- L ) —::A LI —_:_- LELEL A Nl

R R S, SRR fooeanaens o o e e I A
e e ] b

S w W ——— ]

- : : “ " : 1 g
M b R Tttt T e T AR e 7 S0 m
- : : : : : : : ] ~
- m : L e : : ; ] S
”I -------- m ......... m ......... m ..... —"cln.. [P ....-v-.-.“. nnnnnnnnn nn ......... 4“ -------- II o m
F m | m m W . 2
AR proseeee b oo R N At e froseeses {eenee -4 S0 @
- m : : A PR ” : : ]

[ .. e M oeeeens e 1 ......... S e i I

- H : : : : m -

e eeeaeans TN o/ S e e e e 3 5

- : POSZEN Ul OlL-00d==mmm| 1

POSIEN Ul O -i0)-84 JO XIHEW

e




34

YOSTH N1 U DLL-UN-1D-3] JO XLYEN pus
DLL-UAI~ID~I ] 10§ SIAIN)) UONBZLIB[0J dpouy *[-¢-7-p 2nSi]

(2vwordury) |

Ol .0l .0l !

9
(=)
—

SR . ] S
: e I
b N D —
TR {0
S— 1.
.. ........ .......... ....... 4 Owwr ut o_k_-:s_-_o_m“_-..-.-- | 5t
¥ FOSTH Ut OLL-UARID-84 JO XHIBW s | {5

308 A (A 3



E (V) vs. SCE

A
1
’
|

s fASrIX Of Fe-Cr-Mn-TiC in Na2504
----- Fe-Cr-Mn-TiC in Na2S04

llllllllll

ll!lllllll[

L1 3 1

-
O
&
-
o
&
-
o
A
-
o
N
-
oo

| (Amp/cm*?2)

Figure 4-2-3-2. Anodic Polarization Curves for Fe-Cr-Mn-TiC
and Matrix of Fe-Cr-Mn-TiC in 1N Na2S04

ge



36

4.3 Effect of Chemical Composition of Solutions

4-3-1. Fe-TiC

Figure 4-3-1-1 show anodic polarization curves for Fe-TiC in 1N sulfuric acid and
IN sodium sulfate. In both solutions, Fe-TiC shows active, active-passive, passive and
transpassive behavior. In both solutions, the current values for this investigated material
are very similar. The pH of the solution does not have much influence on this material;
however, it shows two peaks in the passive region and the plateau similar to the one for
iron in the sulfuric acid solution. In addition to that, Fe-TiC shows wider active state
range in the sodium sulfate solution than that in the sulfuric acid solution. For Fe-TiC in

H,S0y, the transpassive state starts at 1.5 V whereas in Na;SO4 at 1.3 V.

4-3-2. Fe-Cr-TiC

Figure 4-3-2-1 show anodic polarization curves for Fe-Cr-TiC in 1IN sulfuric acid
and 1N sodium sulfate. In both solutions, Fe-Cr-TiC shows active, active-passive, passive
and transpassive states. The shapes of the anodic polarization curves are very similar to
each other in both solutions. At any applied potentials, current is higher in the sulfuric
acid solution than in the sodium sulfate solution. This indicates higher activity of Fe-Cr-
TiC in low pH solution. This result is supported by Pourbaix diagram for iron and
chromium (Figure 4-1-1-3). It shows the dissolution process at low pH solution and

passive in neutral solution.
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4-3-3. Fe-Cr-Mn-TiC

Figure 4-3-3-1 shows the anodic polarization curves for Fe-Cr-Mn-TiC in IN
sulfuric acid and IN sodium sulfate. This material also shows active, active-passive,
passive and transpassive states in both solutions. At any applied potential, the current is
higher in the sulfuric acid solution than in the sodium sulfate solution. Indicating higher

activity of Fe-Cr-Mn-TiC in the H,SOy solution.
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4.4 Potentiostatic Experiments

Figure 4-4-1 shows the result of the potentiostatic experiment for Fe-TiC in the
sulfuric acid solution. The highest current value is observed for the potential value of
-0.1V at the critical passivation current. This curve represents the dissolution of the
material. The second highest current value is observed at the potential value of -0.35V in
the active region. This line also represents the dissolution of the material. The lowest
current value is observed at the potential value of 1.0V in the passive region. This curve
represents the passivation of the material. The results agree with the polarization curve
for Fe-TiC in the sulfuric acid solution.

Figure 4-4-2 shows the current-time curves for Fe-TiC in the sodium sulfate
solution. The highest current value is observed at the potential value of -0.25V at the
critical passivation current. The second highest current value of -0.43V is observed in the
active region. Both curves represent the dissolution of the material. The lowest current
value at 0.75V is observed in the passive region. This curve represents the passivation of
the material. The results agree with the polarization curves for Fe-TiC in the sodium
sulfate solution.

Figure 4-4-3 shows the result of the potentiostatic experiment for Fe-Cr-TiC in the
sulfuric acid solution. The highest current is observed for the E,, potential of -0.3V.
Slightly lower current is observed at the applied potential value of -0.44V in the active
region. The lowest current values are observed at the applied potential value of 0.6V in
the passive region. Again, these results agree with the polarization curve for Fe-Cr-TiC in
sulfuric acid.

Figure 4-4-4 shows the results of the potentiostatic experiment for Fe-Cr-TiC in
the sodium sulfate solution. As expected from the polarization curve for Fe-Cr-TiC in the
sodium sulfate solution, the highest current values are observed at the E;, potential of
0.0V. Slightly lower current is observed at the applied potential in the active region (-
0.4V). The highest current value is observed at the applied potential of 0.6 V from the

passive region.
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Fe-Cr-TiC @ -0.44 V in H2S04
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Figure 4-4-3, Current-Time Curves for Fe-Cr-TiC in H2S04.
The anodic polarization curve is shown as a small figure.



| (Amp/cm*2)

10°

1072

T L] ¥ 1 rIrrr l T T T T T e ' L T ¥ L] T 1T 17T
2 £""] —~— FeCr-TiC in Na2soa |71

------ 15-4

T - s ae Feﬁcr'TiC @ 0'00 v
1 — -~ Fe-Cr-TiC @ 0.60 V

Fe-Cr-TiC @ -0.40 V in Na2504

Time (sec)

Figure 4-4-4, Current-Time Curves for Fe-Cr-TiC in Na2S04
The anodic polarization curve is shown as a small figure.
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Figure 4-4-5 shows the results of the potentiostatic experiment for Fe-Cr-Mn-TiC
in the sulfuric acid solution. The highest current is observed at the E;, applied (-0.46V).
The second highest current is observed at the end of passive state (0.87V). The lowest
current value is observed at the beginning of the passive state (0.45V).

Figure 4-4-6 shows current-time curves for Fe-Cr-Mn-TiC in the sodium sulfate
solution. After 15 minutes, the highest current value is observed at E,, (0.1V). After 15
minutes, the second highest current value is observed at the end of plateau (0.24V). The

lowest current is observed at the passive state (0.64V).
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Figure 4-4-5, Current-Time Curves for Fe-Cr-Mn-TiC in H2S04.
The anodic polarization curve is shown as a small figure.
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4.5 Effect of pH on Free Corrosion Potential

Figure 4-5-1 shows the results of the open circuit potential experiments. Addition
of chromium decreases the value of the open circuit potential in both the sulfuric acid
solution and the sodium sulfate solution. Addition of manganese further decreases the
values of open circuit potential in the both solutions.

Figure 4-5-2 and Figure 4-5-3 show the polarization curves for the investigated
composites in the sulfuric acid solution and the sodium sulfate solution, respectively. The
values of open circuit potentials determined in the immersion experiments are indicated
in these Figures. From Figure 4-5-2 and Figure 4-5-3, the addition of chromium decreases
corrosion rate in both solutions. The addition of manganese lowers corrosion rate even

more.



Potential (V) vs. SCE

0.2

Fe-TiC in H2504
Fe-Cr-TiC in H2S04
Fe-Cr-Mn-TiC in H2S04
Fe-TiC in Nazi04
Fe-Cr-TiC in Na2S04
Fe-Cr-Mn-TiC in Na2S04

Na2S0O4

Figure 4-5-1. Open Circuit Potential Values
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Chapter 5

Conclusions

. Based on the electrochemical experiments, Fe-TiC, Fe-Cr-TiC and Fe-Cr-Mn-TiC
show passive behavior in 1N sulfuric acid solution and 1N sodium sulfate solution.

. The addition of chromium improved the corrosion properties in both solutions in
comparison to Fe-TiC.

. The addition of manganese affected the behavior in active region in comparison to
Fe-Cr-TiC.

. Fe-Cr-TiC and Fe-Cr-Mn-TiC showed lower current densities at any applied potential
value in 1N sodium sulfate than that of the sulfuric acid solution.

. The passive films formed in sodium sulfate are more protective than those formed in

sulfuric acid.
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Chapter 6
Future Work

For the future work, I propose the following:

1. Perform wear experiments in order to determine the effect of wear behavior of the
composites.

2. Perform Pin-on-Disc corrosion-wear experiments in order to determine the corrosion-
wear performance of the composites.

3. Correlate the surface structure with the corrosion and the wear parameters by
performing optical and scanning electron microscopy investigation of the composites
before and after the experiments.

4. Based on the experimental results, determine the synergistic effect of corrosion and

wear.
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