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ABSTRACT

High Chromium White Irons (HCWI) hardfacing alloys are used extensively in the mining
and other processing industries. Hardfacing alloys are mainly meant for combating the
wear of components and structures. However, these alloys are also used under conditions
that involve corrosive fluids and only limited studies are available on the corrosion
behaviour of these alloys. The hardfacing alloys are mainly based on carbides. The most
popular abrasion resistance alloy is based on chromium carbides. In the first stage of the
thesis, Pourbaix diagrams developed for chromium carbides and other strong carbide
forming elements such as titanium, niobium and tungsten at 298K using thermodynamic
data of the stable species, equilibrium reduction reactions and thermodynamic
calculations. The Pourbaix diagrams were useful in predicting and explaining the
corrosion behavior of the hardfacing alloys. In addition, experiments were designed in the
regions of interest such as a combination of pH and potential.
In the second stage of this research, experimental work was carried out to investigate the
corrosion behaviour of welded HCWI hardfacing alloys with strong carbide forming
elements in acidic, alkaline and neutral environments. The HCWI selected are as
described in the Australian Standards AS2576, which is probably the most advanced
standard in the world as it defines not only the hardness but also its microstructures. The
HCWI microstructure consists of primary and eutectic carbides and eutectic
austenitic/martensitic matrix. The potentiodynamic and potentiostatic tests were used to
study the corrosion behaviour of HCWI in all the three environments. In alkaline pH 14
and neutral pH 7 buffer solutions, corrosion of HCWI occurs at carbides in preference to
II

eutectic austenite matrix. In acidic pH 1.5 and neutral pH 7 NaCl solutions, corrosion of
HCWI occurs at eutectic martensitic matrix in preference to carbides. Whereas, in acidic
solution of pH 2, the corrosion occurs at eutectic carbides in preference to eutectic
austenite matrix. From these experimental results, the corrosion trend of HCWI in acidic,
alkaline and neutral environments was studied using the superimposed Pourbaix diagram
of carbides. From the study of superimposed Pourbaix diagrams of carbides found that in
all the three environments, corrosion of eutectic austenite/martensitic matrix or carbides
depended upon the formation of passive film on the surface of eutectic
austenite/martensite. The corrosion of eutectic martensitic matrix in neutral pH 7 NaCl
solution is mainly due to removal of passive layer by the aggressive chloride ions in the
solution. The Pourbaix diagram of chromium carbides revealed that stability of Cr23C6
eutectic carbides were found to be less stable than the Cr7C3 primary carbides. The
superimposed Pourbaix diagrams of carbides and hardness tests also showed that
dissociation of carbides reduces the wear resistance of HCWI hardfacing alloys
significantly. The results of this work provide significant contribution in designing better
corrosion resistant HCWI hardfacing alloys for wear resistance applications.
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CHAPTER 1
Introduction

Hardfacing alloys are used extensively in industry to provide wear resistance to many
components. The alloys are also used in conditions where corrosive electrolytes are
involved in addition to the alloys providing wear resistance. For example, hardfaced
sugarcane rolls, pump impellers, oil & gas pipelines and screw barrels are exposed in
acidic environment. Hardfaced crushing mill liners, grates, abrasion resistant plates,
grinding balls and seawater valves are exposed in neutral environment. Hardfaced pump
impeller and pipelines are exposed in highly alkaline solutions. Whilst, there are many
tests carried out on the wear resistance of these alloys. There is little and at sometimes
conflicting information is available on the corrosion of these alloys. Hence as a first step
corrosion of the alloys was studied in depth. Amongst the limited studies on the corrosion
of these alloys, there was less organized way of explaining the results and a method to
predict the corrosion of the alloys. For example, if one were able to measure the
electrochemical potential (V) of the alloy in service, knowledge was not organized enough
to say, thus far, if it was undergoing corrosion or not. In order to provide possible ways
of explaining the results, Pourbaix diagrams of various metal carbides were developed in
this thesis. With these diagrams it is possible to say if the materials cannot, may or may
not corrode under different corrosion conditions. The diagrams are very useful to explain
the corrosion behaviour of the materials that have failed in the industry. Further, it is also
possible to specify protective methods, such as cathodic
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protection, in order to significantly reduce effects of corrosion. Cathodic protection has
generally not been applied to hardfacing alloys, but used extensively in other structures.
Experiments were conducted in acidic, neutral and caustic media, the Pourbaix diagrams
served very well to explain the trend of corrosion behaviour of the hardfacing alloys. The
alloys tested were based on Australian Standard AS 2576. The alloys were based on
chromium carbides and a combination of other strong carbide forming elements such as
Niobium (Nb), Tungsten (W), Molybdenum (Mo), etc. Some of the alloys also had a
matrix of austenite to provide some toughness while some other alloys had martensite
aided by the addition of boron. The alloys were also tested in the presence of chloride.
This thesis is organised into 4 chapters and each paper was a chapter of the thesis. All the
chapters in this thesis are linked to each other to meet with the above thesis objectives.
Chapters 2 and 3 discuss the Pourbaix diagram of carbides of chromium and strong
carbide forming elements such as titanium, niobium and tungsten. Chapters 4 and 5
discussed about the experimental part to explain through Pourbaix diagrams in Chapters
2 and 3 with the trend observed during the corrosion of HCWI in acid, neutral and alkaline
environments. Chapter 2 had been published in Journal of Bio- and Tribo-Corrosion.
Chapter 3 was presented and submitted for peer-review in the Materials Innovations in
Surface Engineering (MISE) conference at Brisbane. Chapters 4 and 5 data have been
published in Journal of Bio- and Tribo-Corrosion. In the following paragraphs, brief
introduction of 4 papers during this study can be found.
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Chapter 2 (paper 1): Significance of Pourbaix Diagrams to Study the Corrosion
Behaviour of Hardfacing Alloys Based on Chromium Carbides at 298 K (25 °C)
In Chapter 2, pourbaix diagrams were constructed for chromium carbides and their
significance in explaining the corrosion behaviour of hardfacing alloys based on
chromium carbides was discussed. Thermodynamic calculations for constructing the
diagrams at temperature of 298K are also presented in the chapter. The diagrams were
constructed for these prominent carbides, Cr7C3, Cr23C6 and Cr3C2. The thermodynamic
calculations were made by balancing the chemical reactions with the selected stable
species of chromium carbides. From the balanced reactions and thermodynamic
calculations, the Pourbaix diagrams were constructed for chromium carbides using Graph
software. The three regions (immune, passive and corrosion) were analysed and compared
for all the three forms of chromium carbides as described in the Chapter 2. The
significance of passive region for the hardfacing alloys is discussed. This was an
important contribution in analysing the Pourbaix diagrams and this in contrast to passivity
in stainless steels.
Chapter 3 (paper 2): Thermodynamic analysis of corrosion of carbides of titanium,
niobium and tungsten
In addition to chromium other elements such as Titanium (Ti), Nb, Mo and W are added
to hardfacing alloys to form complex carbides. The addition of the elements that form
carbides in preference to chromium, allows chromium to be present in the matrix solution.
This was expected to produce better corrosion resistance. In addition, the hardness of the
metal carbides are higher than that of chromium carbides. Chapter 3 describes the
construction of Pourbaix diagrams of titanium carbide (TiC), niobium carbide (NbC) and
3
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tungsten carbides (W2C and WC) at 298K (25oC). From the thermodynamic data of the
stable species of TiC, NbC, W2C and WC, equilibrium reduction reactions were framed
and thermodynamic calculations for these reactions calculated at concentration of 10−6 M
of aqueous species. The Pourbaix diagrams were constructed for titanium carbide (TiC),
niobium carbide (NbC) and tungsten carbides (W2C and WC) using Graph software. The
results were compared and analysed for the regions of Pourbaix diagrams of TiC, NbC,
W2C and WC. This chapter also investigated by comparing the results with the immune
regions of Pourbaix diagrams of chromium carbides as described in Chapter 2. The
usefulness of hardfacing alloys were also discussed with the results of Pourbaix diagrams
of carbides in this chapter.
Chapter 4 (paper 3): Corrosion behaviour of high chromium white iron hardfacing
alloys in an alkaline solution
In this chapter, corrosion behaviour of HCWI hardfacing alloys in an alkaline solution pH
14 was investigated by conducting potentiodynamic and potentiostatic tests. The results
were analysed using the constructed Pourbaix diagrams of carbides as described in
Chapters 2-3. The microstructural elemental analyses done for the samples before and
after corrosion using SEM/EDS and ICPMS techniques. The Tafel plot was used in this
study to determine the corrosion behaviour. The hardness tests were performed before and
after corrosion on HCWCI samples to find out the effect of corrosion on wear resistance
property. The mechanism of corrosion of HCWI in alkaline solution was studied by
extracting the carbide and matrix samples. The protection of hardfacing alloys from
corrosion in alkaline environment were also discussed in this chapter.
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Chapter 5 (paper 4): Corrosion behaviour of high chromium white iron hardfacing
alloys in an acidic and neutral solutions
In this chapter, corrosion behaviour of HCWI hardfacing alloys in acidic (pH 1.5 and 2)
and neutral (pH 7) solutions were studied using anodic polarization techniques. The effect
of chloride ions in neutral solution in the corrosion of HCWI sample was also examined.
The corrosion mechanism was investigated by extracting carbides and matrix separately.
Then experimental results obtained from the potentiodynamic test were studied using the
constructed Pourbaix diagrams of carbides as described in Chapters 2-3. The chemical
composition of microstructural phases was studied using SEM/EDS analysis. The ICPMS
and ICPOES techniques were used to analyse the chemical composition of the electrolyte
after corrosion test. The effect of corrosion on hardness of carbides was studied. The
effectiveness of hardfacing alloys in an environment of erosion-corrosion mechanism also
discussed in this chapter.
Chapter 6: Summary and Recommendations for future work
In Chapter 6, the general conclusions of Chapters 2-5 are summarized and future
recommendations on the work of corrosion behavior of HCWI for acidic, neutral and
alkaline environments are provided.
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Abstract
The Pourbaix diagrams also known as the E-pH diagrams were constructed for hardfacing
alloys based on three chromium carbides: Cr7C3, Cr23C6 and Cr3C2 at 298 K (25 °C).
Using the thermodynamic data available for the main species at 298 K (25 °C), Pourbaix
diagrams for the chromium carbides are constructed at a concentration of 10−6 M of
aqueous species. It was found that the diagrams are able to explain the results of
experimental work performed on chromium carbides in NaOH. It was found that the
stability of carbides is described only by the immune region of the Pourbaix diagram for
carbides. Although passive region has been included in the study, it was unclear from the
literature if there was a passive film or how protective it was.
Keywords
Chromium carbides, Pourbaix diagrams, Hardfacing, Corrosion Mining
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1.

Introduction

Weld hardfacing alloys containing chromium carbides are of great interest in mining
applications where abrasion resistance is of significance. The selection of hardfacing
alloys is described in AS2576 [1]. The standard is probably the most advanced standard
in the world as it describes not only the composition and hardness but also the
microstructures in order to meet the requirements of service. The hardfacing materials
described in the standards are based on carbides of different metals. Amongst these,
carbides of chromium which indicate Group 2 alloys in the standards are for abrasion
resistance. The matrix in which the carbides are precipitated can be either austenite or
martensite. Three chromium carbides which have very significant abrasion resistance are
Cr7C3, Cr23C6 and Cr3C2 [2].
Although carbides are selected on the basis of only their hardness [1], their corrosion
properties are often not considered. In spite of this, hardfacing alloys are used in the
alumina industry, the pH of the mining solution is about 14 [3, 4] and in sugarcane
crushing the pH is about 3 [5]. Other than this, these alloys are also used in cement, oil
and gas drilling, dredging, etc., industries which all operate under corrosive environments.
In addition to the above, carbides of chromium have been considered for coating on body
implants [6]. Tungsten carbides were considered for use in fuel cell catalysis [7]. Much
work has been performed on the kinetics aspects of the various carbides; however, there
is very little information on the thermodynamic behaviour of corrosion of these materials.
Pourbaix diagrams are useful in predicting the spontaneous direction of electrochemical
reactions, identifying the corrosion products and predicting the changes in environment
in terms of potential and pH that result in high or low corrosive attack [8]. The present
7
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work provides Pourbaix diagrams for chromium carbides that can be used to predict the
range of use of these alloys and target electrochemical experiments to areas of interest. It
is expected that such analysis will provide guidance for applications and development of
hardfacing alloys. The final goal, as future work, is to be able to design hardfacing alloys
containing carbides, and other compounds, of different materials by using the Pourbaix
diagrams. The authors believe that this would result in more efficient development of
hardfacing alloys.
2.

Thermodynamic Calculations

The present work provides the details of thermodynamic calculations for the construction
of Pourbaix diagrams for chromium carbides, Cr7C3, Cr23C6 and Cr3C2 at 298 K (25 °C).
All Pourbaix diagrams were calculated using a concentration of 10−6 M for all the aqueous
species. For the dilute solution, the corrosion rate will be higher as the material would be
in active state by the absence of passive film [9]. Concentrations of aqueous solutions do
affect potentials, and the potentials of various regions are increased with the increase in
concentrations of aqueous solutions [10].
In order to plot the Pourbaix diagrams for chromium carbides at room temperature 298 K
(25 °C), thermodynamic calculations were carried out with the help of available
thermodynamic data of the chromium carbide species. The standard thermodynamic data
of Gibbs free energy change ΔG 0 for the chromium carbide species are obtained from
various publications [11–15] and are listed in Table 1 for 298 K (25 °C). The method of
constructing Pourbaix diagrams is described in a number of publications [11, 12, 16], and
these methods are followed in this work. There are several considerations for developing
Pourbaix diagram, and these are described below.
8
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Table 1: Thermodynamic input data of species at 298K (25oC).
Species

G 0 (Jmol-1)

Ref.

H+ (d)

0

[11, 15]

H2 (g)

0

[11, 15]

O2 (g)

0

[11, 15]

H2O (l)

-236960

[13, 15]

C (s)

0

[13, 15]

Cr2+ (d)

-174000

[12]

Cr3+ (d)

-215000

[12]

Cr(OH)2+ (d)

-431800

[12]

CrO42- (d)

-727750

[12]

Cr2O3 (s)

-1053090

[12]

H2CrO4 (d)

-764000

[12]

HCrO4- (d)

-765140

[12]

Cr7C3 (s)

-186572

[14]

Cr23C6 (s)

-405726

[14]

Cr3C2 (s)

-95043

[14]

l = liquid substance, g = gaseous substances, s = solid substances and d= dissolved
substances
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2.1. Balancing the Reactions of Two Selected Species
The method of balancing the chemical reactions depending on the chemical species
selected is described in this section. The thermodynamic calculations are made for the
reduction reactions to construct Pourbaix diagrams using the method described in the
literature [11, 12, 16]. Balancing a reaction consists of the following four steps which are
constructed under chemical equilibrium: (1) the number of all atoms is balanced without
considering the oxygen or charge, (2) the oxygen atoms are then added through water
(H2O) on the appropriate side of the chemical equation, (3) the hydrogen ions (H+) are
added on the appropriate side to balance the number of hydrogen atoms in the chemical
equation and finally, (4) the charges are balanced by adding electrons to the appropriate
side. The above four steps are illustrated in the following example of balancing the species
chromium oxide Cr2O3 and Cr7C3 [16] in the chemical reduction reaction of chromium
carbide in contact with water.
Step (1): 3.5Cr2O3 + 3C ⇄ Cr7C3 (Balancing the atoms).
Step (2): 3.5Cr2O3 + 3C ⇄ Cr7C3 + 10.5H2O (Balancing the oxygen atoms).
Step (3): 3.5Cr2O3 + 3C + 21H+ ⇄ Cr7C3 + 10.5H2O (Balancing the hydrogen ions).
Step (4): 3.5Cr2O3 + 3C + 21H+ + 21e− ⇄ Cr7C3 + 10.5H2O (Balancing the charge).
All other equilibrium reduction reactions of the species given in Table 1 are also balanced
following these steps. The reactions above and E-pH-dependent reactions (7)–(9) in
Table 2show that carbon is formed during the reaction between carbide and water.
Although this is a thermodynamic possibility [17], carbon has been found to be produced
at high temperatures or tribological conditions [18, 19]. However, when carbides are in
10
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water, carbon dioxide has been found to be generated [7, 20]. It is possible that formation
of carbon may be an intermediate step for carbon dioxide generation. However, Andrews
et al. [21] had proposed that the formation of carbon can occur when silicon carbide (SiC)
reacts with water. The presence of carbon was also detected using Raman spectroscopy
[22]. Silicon atoms were found to dissolve in solution leaving carbon on the surface. More
work is needed to understand the behaviour of carbides in corrosive conditions for
hardfacing applications.
Table2: Reaction parameters of the three types of reduction reactions used for
constructing the Pourbaix diagrams at 298K (25oC).
No.

Reaction

E-pH Equation

Eo (V)

G 0

(J/mol)
E Dependent (V)
1

Cr3+ + e-

Cr2+

2

7Cr2+ + 3C + 14e-

3

23Cr2+ + 6C + 46e-

4

3Cr2+ + 2C + 6e-

E= -0.42

-0.42

41000

E= -0.94

-0.75

1031428

E= -0.99

-0.81

3596274

E= -0.76

-0.58

33576.8

2Cr2+ +3H2O

E= 0.38-0.177pH

0.030

-5802

Cr3+ +4H2O

E= 1.37-0.137pH

1.37

-397716

Cr7C3
Cr23C6
Cr3C2

E-pH Dependent
1

Cr2O3 +6H+ +2e-

2

HCrO4- +7H+ +3e-

3

Cr(OH)2+ + H+ + e-

Cr2+ + H2O

E= -0.21-0.059pH

-0.21

20836

4

HCrO4- +6H+ +3e-

Cr(OH)2+

E= 1.30-0.118pH

1.30

-377552

+3H2O
11
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2CrO42- +10H++6e-

Cr2O3

E= 1.23-0.098pH

1.35

-782410

Cr2O3 +

E= 1.10-0.078pH

1.22

-707630

E= -0.49-0.059pH

-0.49

1011121

E= -0.53-0.059pH

-0.53

3529551

E= -0.48-0.059pH

-0.48

418253.

+5H2O
6

2HCrO4- +8H+ + 6e5H2O

7

3.5Cr2O3+3C+21H++21eCr7C3+10.5H2O

8

11.5Cr2O3+6C+69H++69eCr23C6+34.5H2O

9

1.5Cr2O3 + 2C+9H ++9eCr3C2+4.5H2O

10

26

O2 + 4H+ + 4e-

2H2O

E= 1.23-

1.23

-473920

E= -0.059pH

0

0

pH = 3.56

-

20164

pH= 6.5

-

37390

pH= 5.03

-

47474

0.059pH
11

2H+ + 2e-

H2

pH Dependent
1

Cr3+ + H2O

Cr(OH)2+ + H+

2

HCrO4-

CrO42- + H+

3

2Cr(OH)2+ +H2O

Cr2O3 +4H+

The equilibrium reduction reactions considered here are classified into three categories of
reactions: potential (E) dependent, E-pH dependent and pH dependent as described in
[23]. The thermodynamic calculations for these three different reactions are calculated at
the temperature 298 K (25 °C), and these are described below.
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2.2.Thermodynamic calculations for 298K (25oC)
The calculations for the above three types of reactions are briefly described below.
2.2.1. E-pH dependent reactions:
The following general E-pH dependent reaction is used in the thermodynamic calculations
for 298K (25oC).
aA+ mH+ +ne

bB+cH2O

(1)

where a, m, b and c are the number of moles respectively of the species A, H+, B and H2O
in the reaction, n is the number of electrons transfer in the electrochemical reaction. In
these E-pH dependent reaction, both electron acceptance and hydrogen ions are involved
between the two species A and B [23].
The electric potential E (volt) required for the E-pH dependent reactions [Eq. (1)] using
the Nernst Equation used by Beverskog and Puigdomenech [11]:
( )=

−

.

pH +

.

[ ( )]

log [

where Eo is the standard potential in volt,

(2)

( )]

= − log[(

)], R is the molar gas constant

(8.314 JK-1mol-1), T is the temperature in Kelvin, m is the number of moles in H+, n is the
number of electrons involved in the reaction, F is the Faraday’s constant (96485.33 C
mol-1), C(A) and C(B) represent the concentration of the species A and B involved in the
E-pH dependent reactions .
For calculating the potential E using Eq. (2), the standard potential Eo which is obtained
from the Gibbs free energy change ΔG0 of the reaction as [24]:
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∆

= −

(3)

where G 0 is calculated as in [25]:
G 0 = (Gibbs free energy of oxidants) – (Gibbs free energy of reactants

(4)

In this manner the E-pH dependent reactions are calculated from Eq. (2) to construct the
Pourbaix diagrams for chromium carbides at 298K (25oC) and these are listed in Table 2.
The reactions are dependent on both potential (E) and pH and give a sloping straight line
in a Pourbaix diagram.
2.2.2. For E dependent reactions
The following general E-dependent reaction is used in the thermodynamic calculations
for 298K (25oC).
aA + ne

bB

(5)

In the above reaction, the electron acceptance takes place between two species A and B
without involving hydrogen ions [23].
The electric potential E (volt) required for the E dependent reactions [Eq. (4)] using the
Nernst Equation given by [11]:
( )=

+

.

[ ( )]

log [

( )]

(6)

The standard potential Eo is calculated from the Eq. [3] and used in the above Nernst
Equation. This reaction depends on potential (E) which forms a horizontal line in the
Pourbaix diagram. Thus the E dependent reactions are calculated from Eq. (6) to construct
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the Pourbaix diagrams for chromium carbides at 298K (25oC) and these are listed in Table
2.
2.2.3. For pH dependent reactions
The following general pH dependent reaction is taken to explain the thermodynamic
calculations for 298K (25oC).
aA + mH+

bB +cH2O

(7)

In the above pH dependent reaction, the hydrogen ions are involved between two species
B and A without transfer of any electrons [23].
The pH dependent reaction is obtained from the equilibria constant K related to the Gibbs
free energy as [25].
∆

=

By using K=

=

∆
.

(8)

.
[ ( )] [

]

[ ( )]

and

= − log[(

)] we get:

[ ( )]

+

[ ( )]

(9)

The above reaction takes place at any particular pH and hence forms a vertical line in the
Pourbaix diagram. Thus the pH dependent reactions are calculated from Eq. (9) to
construct the Pourbaix diagrams for chromium carbides at 298K (25oC) are listed in Table
2.

15

____________________________________________________________________CHAPTER 2

3. Results and Discussion
The procedures described above were used to construct the Pourbaix diagrams for
chromium carbides at temperatures 298 K (25 °C) for a concentration of 10−6M for all the
aqueous

species

Figs. 1, 2 and 3.

For

all

E-pH-dependent

reactions,

the

values E calculated from Eq. (2) at temperature 298 K (25 °C) are given in Table 2. For
E-dependent reactions, the temperature-dependent Eq. (6) calculated at temperature
298 K (25 °C) is given in Table 2. Likewise, for all pH-dependent reactions, the values of
pH calculated from Eq. (9) are given in Table 2 at 298 K (25 °C). Using the E-pH
equations given in column 3 of Tables 2, the Pourbaix diagrams are constructed.

Fig. 1: Pourbaix diagram for Cr7C3 at 298K (25oC) with the concentration of 10-6M.

16

____________________________________________________________________CHAPTER 2

Fig. 2: Pourbaix diagram for Cr23C6 at 298K (25oC) with the concentration of 10-6M.

Fig. 3: Pourbaix diagram for Cr3C2 at 298K (25oC) with the concentration of 10-6M.
17
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Figs. 1, 2 and 3 show the immune regions, i.e. where no corrosion can occur, for Cr7C3,
Cr23C6and Cr3C2. The passive region consists of Cr2O3. The corrosion regions are formed
from the ionic species Cr2+, Cr3+, Cr(OH)2+, HCrO4 − and CrO4 2−. The Pourbaix diagrams
for chromium carbides at room temperature from the Figs. 1, 2 and 3 reveal that the
Cr3C2 has the largest immune region followed by Cr7C3 and Cr23C6. There are no data yet
in the literature yet to prove this prediction. The stability of immune regions for all the
three carbides Cr7C3, Cr23C6 and Cr3C2 is higher in low pH and reduced significantly at
higher pH level. The types and morphology of carbides depend on the rate of solidification
and chemical composition [26]. The type of carbides also depends on the

ratio and this

ratio also determines the wear and corrosion resistance. The Sabet et al. [2] reported that
by increasing

= 6 , the carbide volume fraction of Cr7C3 formed and the corrosion

resistance for the hardfacing alloys also improved. Thus, the above literature confirmed
that Cr7C3 shows better corrosion resistance compare to Cr23C6.
3.1 Significance of Pourbaix Diagrams to Hardfacing Alloys
Pourbaix diagrams for metals consist of three regions. They are regions where corrosion
cannot occur, regions where corrosion may occur and regions where corrosion may not
occur [27]. Most engineering metals when applied in structures and components are in the
passive region. In the case of carbides, immune region is the region where carbides are
thermodynamically stable and corrosion cannot occur. It was not clear what a passive
region meant for carbides where corrosion may not occur. This is not well covered in the
literature and hence this discussion. This is an important consideration as chromium
carbides are compounds and it is not clear how passive layers will form in the same way
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as in stainless steels. In a solid solution, the elements that make up the solid solutions are
considered to behave independent of each other [27]. Hence, they can form passive
regions and be successful in engineering applications. However, in the case of
intermetallic compounds such as carbides if they have to passivate or corrode, the
chromium carbide will need to dissociate so an oxide film may form assuming this film
provides passivity. Even if passive films could form, the dissociation of chromium
carbides may render the alloy unsuitable for wear resistant applications.
Passive films on chromium carbides have been found [28], but they were found to be very
thin in comparison with the matrix. The passive region formed over the carbides was
found to be iron dominated [28]. It was found that the silicon carbide exposed in acid
solution forms silicon oxide [21, 22]. It was unclear if the film afforded any protection. It
is unlikely the passivated surface may actually provide any wear resistance. The
investigation by Tylczak et al. [29] observed that the absence of passivity in carbides led
to more active potential than matrix. Thus, galvanic cell formed can cause dissolution of
the chromium carbide by protecting the matrix. The study conducted by Srisuwan [30]
showed that increase in Cr23C6 chromium carbides can decrease the formation of passive
film chromium oxide (Cr2O3). In the anodic polarization, studies conducted by Tran [31]
and Vargas et al. [32] showed that in alkaline solution, consisting of NaOH, the carbides
corroded before the matrix corroded. Tran and Vargas showed that carbides were the first
to corrode followed by pitting in matrix at higher anodic potentials and this behaviour
followed the trend in the Pourbaix diagrams. Hence, the usefulness of carbides is limited
as long as the carbides are held in immune region of potentials.
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In general, hardfacing alloys based on chromium carbides have only limited stabilities as
the immune region is very small. The only way to improve stability of the chromium
carbides is to increase the size of the immune region. This could be attempted by adding
elements that form carbides that have better stabilities than chromium carbides.
Investigations are under way in the laboratory to study the behaviour of chromium carbide
weld deposits through corrosion experiments. Additions of elements such as titanium (Ti),
niobium (Nb) and tungsten (W) are being done to improve the corrosion behaviour of
hardfacing alloys. The outcome is expected that the results of this paper will provide a
better understanding of the application of hardfacing alloys and designing better corrosion
resistant hardfacing alloys.
4. Conclusions
The Pourbaix diagrams were constructed for chromium carbides at 298 K (25 °C). It was
postulated that the usefulness of hardfacing alloys is mainly in the immune region of the
Pourbaix diagrams. The concept of passivity is not well understood for chromium
carbides. At room temperature, chromium carbides such as Cr3C2 have the largest immune
region followed by Cr7C3 and Cr23C6. The stability of chromium carbides’, Cr7C3,
Cr23C6 and Cr3C2, immune regions increases significantly at low pH and reduces at higher
pH level.
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Abstract
The Pourbaix diagrams also known as the E-pH diagrams were constructed for hardfacing
alloys based on titanium carbide (TiC), niobium carbide (NbC) and tungsten carbides
(W2C and WC) at 298K (25oC). Using the thermodynamic data available for the main
species at 298K (25oC), Pourbaix diagrams for all these carbides are constructed at a
concentration of 10-6M of aqueous species. It was found that the stability of carbides is
described only by the immune region of the Pourbaix diagram for carbides. Although
passive region has been included in the study, it was unclear from literature if there was
a passive film or how protective it was.
Keywords: Titanium Carbides, Niobium Carbides, Tungsten Carbides, Pourbaix
diagrams, hardfacing, corrosion, mining
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1. Introduction
Weld hardfacing alloys containing carbides are of great interest in mining applications
where abrasion resistance is of significance. The selection of hardfacing alloys are
described in AS2576 [1]. The standard is probably the most advanced standard in the
world as it describes not only the composition and hardness but also the microstructures
in order to meet the requirements of service. The hardfacing materials described in the
standards are based on carbides of different metals. Amongst these carbides of tungsten
which indicate Group 3 alloys in the standards are for abrasion resistance. Group 2 alloys
are most commonly used for wide range of hardfacing applications due to the formation
of chromium carbides. The titanium and niobium elements are also included in the
composition of Group 2 alloys which can form complex carbides. The matrix in which
the carbides are precipitated can be either austenite or martensite.
Although carbides are selected on the basis of only their hardness [2], their corrosion
properties are often not considered. In spite of this, hardfacing alloys are used in the
alumina industry, the pH of the mining solution is about 14 [3, 4] and in sugarcane
crushing the pH is about 3 [5]. Other than this, these alloys are also used in cement, oil
and gas drilling, dredging, etc., industries which all operate under corrosive environments.
In addition to the above, carbides are considered for coating on body implants [6].
Tungsten carbides were considered for use in fuel cell catalysis [7]. Much work has been
performed on the kinetics aspects of the various carbides; however, there is very little
information on the corrosion thermodynamic behaviour of these materials.
To the best of authors’ knowledge, the E-pH diagrams for titanium carbide (TiC), niobium
carbide (NbC) and tungsten carbides (W2C and WC) are not found in the literature.
24

____________________________________________________________________CHAPTER 3

Pourbaix diagrams are useful in predicting the spontaneous direction of electrochemical
reactions, identifying the corrosion products and predicting the changes in environment
in terms of potential and pH that result in high or low corrosive attack [8]. The present
work provides Pourbaix diagrams for titanium carbide (TiC), niobium carbide (NbC) and
tungsten carbides (W2C and WC) that can be used to predict the range of the use of these
alloys and target electrochemical experiments to areas of interest. The final goal, as future
work, is to be able to design hardfacing alloys containing carbides, and other compounds,
of different materials by using the Pourbaix diagrams. The authors believe that this would
result in more efficient development of hardfacing alloys.

2.

Thermodynamic calculations

The present work provides the details of thermodynamic calculations for the construction
of Pourbaix diagrams titanium carbide (TiC), niobium carbide (NbC) and tungsten
carbides (W2C and WC) at 298K (25oC). All Pourbaix diagrams were calculated using a
concentration of 10-6M for all the aqueous species. For the dilute solution the corrosion
rate will be higher as the material would be in active state [9]. Concentrations of aqueous
solutions do affect potentials and the potentials of various regions are increased with
increasing in concentrations of aqueous solutions [10].
In order to plot the Pourbaix diagrams for titanium carbide (TiC), niobium carbide (NbC)
and tungsten carbides (W2C and WC) at room temperature 298K (25oC), thermodynamic
calculations were carried out with the help of available thermodynamic data of the
titanium, niobium and tungsten carbide species. The standard thermodynamic data of
Gibbs free energy change G 0 for the titanium, niobium and tungsten carbides species are
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obtained from various publications [11-15] and are listed in Table 1 for 298K (25oC). The
method of constructing Pourbaix diagrams are described in a number of publications [11,
12, 16] and these methods are followed in this work. There are several considerations for
developing Pourbaix diagram and these are described below.
Table 1: Thermodynamic input data of species at 298K (25oC) for Titanium, Niobium
and Tungsten.
Species

G 0 (Jmol-1)

Ref.

TiC

-180.75

[15]

Ti2+

-314.53

[15]

TiO2

-889.52

[15]

Ti2O3

-1434.28

[15]

NbO

-378.65

[15]

NbC

-136.82

[15]

WO2

-520.5

[15]

W2O5

-1284.07

[15]

WO3

-764.08

[15]

WO42-

-920.48

[15]

WC

-38.32

[15]

W2C

-21.92

[15]

H+

0

[15]

H2

0

[15]

O2

0

[15]
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H2O

-236960

[15]

2.1. Balancing the reactions of two selected species
The method of balancing the chemical reactions depending on the chemical species
selected is described in this section. The thermodynamic calculations are made for the
reduction reactions to construct Pourbaix diagrams using the method described by [11,
12, 16]. Balancing a reaction consists of the following four steps which are constructed
under chemical equilibrium:- i) the number of all atoms is balanced without considering
the oxygen or charge, ii) the oxygen atoms are then added through H2O on the appropriate
side of the chemical equation, iii) the hydrogen ions (H+) are added on the appropriate
side to balance the number of hydrogen atoms in the chemical equation and finally iv) the
charges are balanced by adding electrons to the appropriate side. The above four steps are
illustrated in the following example of balancing the species WO2 and WC [16] in the
chemical reduction reaction of tungsten carbide in contact with water.
Step i):

WO2 + C

Step ii): WO2 + C
Step iii): WO2 + 4H+ +C
Step iv): WO2 + 4H++ 4e- +C

WC (Balancing the atoms)
WC + 2H2O (Balancing the oxygen atoms)
WC + 2H2O (Balancing the hydrogen ions)
WC + 2H2O (Balancing the charge)

All other equilibrium reduction reactions of the species given in Table 1 are also balanced
following these steps. The reactions above and (E-pH) dependent reactions (4) in Table
2, (1) in Table 3 and (5-8) in Table 4 show that carbon formed during the reaction between
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carbide and water. Although this is a thermodynamic possibility [17], carbon has been
found to be produced at high temperatures or tribological conditions [17, 18]. In the case
of fuel cell applications tungsten carbide (WC) partially dissociated to produce an oxide
layer to improve catalytic properties. However, when carbides are in water, carbon
dioxide has been found to be generated [7, 19]. It is possible that formation of carbon may
be an intermediate step for carbon dioxide generation. However, Andrews et al. [20] had
proposed that the formation of carbon can occur when silicon carbide (SiC) reacts with
water. The presence of carbon was also detected using Raman Spectroscopy [21]. Silicon
atoms were found to dissolve in solution leaving carbon on the surface. More work is
needed to understand the behavior of carbides in corrosive conditions for hardfacing
applications.
Table 2: Reaction parameters of reduction reactions used for constructing the Pourbaix
diagrams at 298K for Titanium carbide
No.

Reaction

E-pH Equation

Eo
(V)

E Dependent (V)
1

Ti2+ + C + 2e-

TiC

E= -0.87

-0.69

E-pH Dependent
1

Ti2O3 +6H+ +2e-

2Ti2+ + 3H2O

E= -0.118-0.18pH

-0.48

2

TiO2 + 4H+ + 2e-

Ti2+ + 2H2O

E= -0.337-0.118pH

-0.51

3

2TiO2 + 2H+ +2e-

E= -0.556-0.059pH

-0.556

4

Ti2O3+ 6H++6e- + 2C

E= -0.624-0.059Ph

-0.624

Ti2O3 +H2O
2TiC +3H2O

28

____________________________________________________________________CHAPTER 3

5

O2 + 4H+ + 4e-

6

2H+ + 2e-

2H2O
H2

E= 1.23-0.059pH
E= -0.059pH

1.23
0

Table 3: Reaction parameters used for constructing the Pourbaix diagrams at 298K for
Niobium carbide
No.

Reaction

E-pH Equation

E o (V)

E-pH Dependent
1

NbO +C +2H+ + 2e-

NbC +H2O

E=-0.024-0.059pH

-0.024

2

O2 + 4H+ + 4e-

2H2O

E= 1.23-0.059pH

1.23

3

2H+ + 2e-

E= -0.059pH

0

H2

Table 4: Reaction parameters used for constructing the Pourbaix diagrams at 298K for
Tungsten carbide
No.

Reaction

E-pH Equation

E o (V)

E-pH Dependent
1

W2O5 + 2H+ +2e-

2WO2 + H2O

E= -0.031-0.059pH

-0.031

2

W2O5 + 2H+ +2e-

2WO2 + H2O

E= -0.031-0.059pH

-0.031

3

2WO3 +2H+ +2e-

W2O5 + H2O

E= -0.029-0.059pH

-0.029

4

WO42- + 4H+ + 2e-

WO2+ 2H2O

E= 0.206-0.118pH

0.386

5

WO2 + 4H++ 4e- +C

WC + 2H2O

E=-0.020-0.059pH

0.020

6

WO42- + 8H+ +6e- + C

E= 0.0550-0.08pH

0.011

WC + 4H2O
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2WO42- + 16H+ +12e- + C

7

W2C +

E=0.0077-0.08pH

0.14

W2C +

E=-0.0911-0.059pH

-0.0911

W2O5 + 3H2O

E=0.441-0.18pH

0.801

E= 1.23-0.059pH

1.23

E= -0.059pH

0

pH = 3.92

-

8H2O
2WO2 + 8H++ 8e- + C

8

4H2O
9

2WO42- +6H+ + 2e-

9

O2 + 4H+ + 4e-

10

2H+ + 2e-

2H2O
H2

pH Dependent
1

WO3 + H2O

WO42-+ 2H+

The equilibrium reduction reactions considered here are classified into three categories of
reactions; potential (E) dependent, E-pH dependent and pH dependent as described in
[22]. The thermodynamic calculations for these three different reactions are calculated at
the temperature 298K (25oC) and these are described below.
2.2.Thermodynamic calculations for 298K (25oC)
The calculations for the above three types of reactions are briefly described below.
2.2.1. E-pH dependent reactions:
The following general E-pH dependent reaction is used in the thermodynamic
calculations for 298K (25oC).
aA+ mH+ +ne

bB+cH2O

(1)

30

____________________________________________________________________CHAPTER 3

where a, m, b and c are the number of moles respectively of the species A, H+, B and H2O
in the reaction, n is the number of electrons transferred in the electrochemical reaction. In
these E-pH dependent reaction, both electron acceptance and hydrogen ions are involved
between the two species A and B [22].
The electric potential E (volt) required for the E-pH dependent reactions [Eq. (1)] using
the Nernst Equation used by Beverskog and Puigdomenech [11]:
( )=

−

.

pH +

.

log

[ ( )]

(2)

[ ( )]

where Eo is the standard potential in volt,

= − log[(

)], R is the molar gas constant

(8.314 JK-1mol-1), T is the temperature in Kelvin, m is the number of moles in H+, n is the
number of electrons involved in the reaction, F is the Faraday’s constant (96485.33 C
mol-1), C(A) and C(B) represent the concentration of the species A and B involved in the
E-pH dependent reactions .
For calculating the potential E using Eq. (2), the standard potential Eo which is obtained
from the Gibbs free energy change ΔG0 of the reaction as [23]:
∆

= −

(3)

where G 0 is calculated as in [24]:
G 0 = (Gibbs free energy of oxidants) – (Gibbs free energy of reactants)

(4)

In this manner the E-pH dependent reactions are calculated from Eq. (2) to construct the
Pourbaix diagrams for titanium, niobium and tungsten carbides at 298K (25oC) and these
are listed in Table 2-4. The reactions are dependent on both potential (E) and pH and give
a sloping straight line in a Pourbaix diagram.
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2.2.2. For E dependent reactions
The following general E-dependent reaction is used in the thermodynamic
calculations for 298K (25oC).
aA + ne

bB

(5)

In the above reaction, the electron acceptance takes place between two species A and B
without involving hydrogen ions [22].
The electric potential E (volt) required for the E dependent reactions [Eq. (4)] using the
Nernst Equation given by [11]:
( )=

+

.

log

[ ( )]
[ ( )]

(6)

The standard potential Eo is calculated from the Eq. [3] and used in the above Nernst
Equation. This reaction depends on potential (E) which forms a horizontal line in the
Pourbaix diagram.
Thus the E dependent reaction is calculated from Eq. (6) to construct the Pourbaix
diagrams for titanium, niobium and tungsten carbides at 298K (25oC) and listed in Table
2.
2.2.3. For pH dependent reactions
The following general pH dependent reaction is taken to explain the
thermodynamic calculations for 298K (25oC).
bB +cH2O

aA + mH+

(7)
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In the above pH dependent reaction, the hydrogen ions are involved between two species
B and A without transfer of any electrons [22].
The pH dependent reaction is obtained from the equilibria constant K related to the Gibbs
free energy as [24].
∆

=

By using K=

=

∆
.

(8)

.
[ ( )] [

]

[ ( )]

and

= − log[(

)] we get:

[ ( )]

+

[ ( )]

(9)

The above reaction takes place at any particular pH and hence forms a vertical line in the
Pourbaix diagram. Thus the pH dependent reaction is calculated from Eq. (9) to construct
the Pourbaix diagrams for tungsten carbides at 298K (25oC) are listed in Table 4.
3. Results and Discussion
The procedures described above were used to construct the Pourbaix diagrams for
titanium, niobium and tungsten carbides at temperatures 298K (25oC) for a concentration
of 10-6M for all the aqueous species Figs. 1 - 4. For all E-pH dependent reactions, the
values E calculated from Eq. (2) at temperature 298K (25oC) are given in Tables 2-4, For
E-dependent reactions the temperature-dependent Eq. (6) calculated at temperature 298K
(25oC) is given in Table 2. Likewise, for all pH dependent reactions, the values of pH is
calculated from Eq. (9) are given in Table 4 at 298K (25oC). Using the E- pH equations
given in column 3 of Tables 2-4, the Pourbaix diagrams are constructed.
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Fig. 1: Pourbaix diagram for TiC at 298K (25oC) with the concentration of 10-6M.

Fig. 2: Pourbaix diagram for NbC at 298K (25oC) with the concentration of 10-6M.
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Fig. 3: Pourbaix diagram for W2C at 298K (25oC) with the concentration of 10-6M.

Fig. 4: Pourbaix diagram for WC at 298K (25oC) with the concentration of 10-6M.
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Figs. 1-4 illustrate the species of titanium, niobium and tungsten presence in the form of
immune regions, i.e., where no corrosion can occur, are TiC, NbC, W2C and WC. The
passive regions where corrosion may not occur due to formation of oxide layer is shown
in the form of species in Figs. 1-4 such as TiO2, Ti2O3, NbO, WO2, W2O5 and WO3. The
corrosion regions shown in Figs.1, 3 and 4 where corrosion may occur due to formation
of the ionic species are Ti2+ and WO42-. The Pourbaix diagrams for titanium, niobium and
tungsten carbides at room temperature from the Figs. 1-4 reveal that the WC has the
largest immune region followed by NbC, W2C and TiC. There are no data yet in the
literature yet to prove this prediction. The stability of immune regions for titanium carbide
(TiC), niobium carbide (NbC) and Tungsten carbides (W2C and WC) are higher at low
pH and lower at higher pH level. The types and morphology of carbides depend on the
rate of solidification and chemical composition [25]. Among these three elements,
titanium has a strong carbide forming tendency and forms a face centered cubic crystal
structure. Titanium does not have a tendency to form complex carbides and forms only a
TiC [26, 27]. The crystal structure for the niobium carbide is face centered cubic and can
form complex carbides [28]. The tungsten carbide is also a strong carbide forming element
but, can form complex carbides. The crystal structure for tungsten carbides W2C and WC
are hexagonal and body center cubic structure [26, 27].
3.1

Significance of Pourbaix diagrams to hardfacing alloys

Pourbaix diagrams for metals consist of three regions. They are regions where corrosion
cannot occur, regions where corrosion may occur and regions where corrosion may not
occur [29]. Most engineering metals when applied in structures and components are in the
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passive region. If not, cathodic protection is applied to keep the metals in their immune
regions or in other cases, anodic protection to be kept in the passive regions [7].
In the case of carbides, immune region is the region where carbides are
thermodynamically stable and corrosion cannot occur. It was not clear what a passive
region meant for carbides where corrosion may not occur. This is not well covered in the
literature and hence this discussion.
This is an important consideration as titanium, niobium and tungsten carbides are metal
compounds and it is not clear how passive layers will form in the same way as in stainless
steels. In a solid solution, the elements that make up the solid solutions are considered to
behave independent of each other [29]. Hence, they can form passive regions and be
successful in engineering applications. However, in the case of intermetallic compounds
such as carbides if they have to passivate or corrode, the titanium, niobium and tungsten
carbides will need to dissociate so an oxide film may form assuming this film provides
passivity. Even if passive films could form, the dissociation of titanium, niobium and
tungsten carbides may render the alloy unsuitable for wear resistant applications.
The hardfacing alloys are mainly based on chromium carbides. Titanium, niobium and
tungsten are stronger carbide forming elements than chromium [28]. So the above
elements have strong affinity towards carbon and form titanium carbide, niobium carbide
and tungsten carbide in hardfacing alloys. The immune region for titanium carbide TiC is
higher than chromium carbides Cr7C3 and Cr23C6, whereas niobium and tungsten carbides
immune region is higher than chromium carbides Cr7C3, Cr23C6 and Cr3C2 [30]. The
hardness values for titanium, niobium and tungsten carbides are higher than the chromium
carbides (1800HV), the hardness value for titanium carbide TiC is 3200HV, niobium
37

____________________________________________________________________CHAPTER 3

carbide is 2004HV and tungsten carbide for W2C and WC are 2000HV and 2400HV [26,
31]. So these carbides also show excellence in the wear resistant properties.
The corrosion study in hardfacing conducted by McLeod et al. [32] and Nelson revealed
that depletion of chromium in carbide-matrix interfaces is the main root cause of
Intergranular corrosion. As the major amount of chromium is taken to form chromium
carbides, so the lack of chromium in matrix results in absence of passive layer. Thus
potential difference between carbide acting as cathode and matrix acting as anode, results
in galvanic corrosion [32, 33]. Thus the presence of chromium in the matrix form passive
layer and the rate of corrosion may be reduced significantly [34]. Investigation by Cihal
et al [35] also suggested that titanium and niobium carbides show better anodic
polarization curves compared to the chromium carbides. The formation of thin layer of
nitrides and nitrates slows down the dissolution of niobium carbide [35].
Passive films on chromium carbides have been found but they were found to be very thin
in comparison to the matrix. The passive region formed over the carbides was found to be
iron dominated [36]. It was unclear if the film afforded any protection. It is unlikely the
passivated surface may actually provide any wear resistance. The investigation by
Tylczak et al. [37] observed that the absence of passivity in carbides led to more active
potential than matrix. Thus galvanic cell formed can cause dissolution of the carbides by
protecting the matrix . The study conducted by Srisuwan showed that increase of Cr23C6
chromium carbides can reduce the formation of passive film chromium oxide (Cr2O3)
[38]. In the anodic polarization studies conducted by Vu [39] and Vargas et al. [40]
showed that in alkaline solution, consisting of NaOH and NaCl, the carbides corroded
before the matrix corroded. Vu and Vargas showed that carbides were the first to corrode
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followed by pitting in matrix at higher anodic potentials and this behaviour followed the
trend in the Pourbaix diagrams. Hence, the usefulness of carbides is limited and this is as
long as the carbides are held in immune region.
It was unclear if a passive film formed on carbides. In the case of tungsten carbide,
passivity was not clearly described. It was found that the dissociation of carbides produced
carbon dioxide [41]. In the case of fuel cell applications WC partially dissociated to
produce an oxide layer to improve catalytic properties [7]. More work is needed to
understand the behavior of carbides in corrosive conditions for hardfacing applications.
In general, hardfacing alloys based on chromium carbides have only limited stabilities as
the immune region is very small. The only way to improve stability of the chromium
carbides is to increase the size of the immune region. This could be attempted by adding
elements titanium, niobium and tungsten that form carbides that have better stabilities
than chromium carbides. Investigations are under way in this lab to study the behaviour
of titanium, niobium and tungsten carbide weld deposits through corrosion experiments.
Additions of elements such as Ti, Nb and Mo are being done to improve the corrosion
behaviour of hardfacing alloys.
It is expected that the results of this paper will provide a better understanding of the
application of hardfacing alloys and designing better corrosion resistant hardfacing alloys.
4.

Conclusions

The Pourbaix diagrams were constructed for titanium, niobium and tungsten carbides at
298K (25oC). It was postulated that the usefulness of hardfacing alloys is mainly in the
immune region of the Pourbaix diagrams. The concept of passivity is not well understood
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for titanium, niobium and tungsten carbides. At room temperature tungsten carbide WC
have the largest immune region followed by niobium carbide NbC, tungsten carbide W2C
and titanium carbide TiC. The stability for titanium carbide (TiC), niobium carbide (NbC)
and tungsten carbides (W2C and WC) is higher at low pH and lower at higher pH levels.
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Abstract
Hardfacing alloys of High Chromium White Irons (HCWI) deposited using welding are
well known for their wear resistance. These materials are applied in conditions needing
not only wear resistance but also corrosion. In this study the HCWI alloys were exposed
to alkaline solutions of pH 14. Anodic polarisation technique was used to study the
corrosion behaviour. The experimental results found that corrosion occurs on carbides in
preference to the matrix. Pourbaix diagrams of carbides were found to be very useful in
explaining the corrosion behaviour of the hardfacing alloys. The significance of carbide
corrosion to the use of hardfacing alloys is discussed. Possible methods to mitigate
corrosion are proposed.
Keywords: hardfacing, high chromium white irons, alkaline, alumina refineries, Pourbaix
diagram of carbides
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1.

Introduction

HCWI are commonly used for the slurry pump components and pipelines in the Bayer
refining process of alumina refineries [1, 2] due to their high wear resistance. The Bayer
process solution is highly alkaline and there are limited studies on the corrosion behaviour
of the hardfacing alloys. There are also limited studies in the use of Pourbaix diagrams to
predict a trend for the corrosion behaviour of hardfacing alloys.
Nelson [2] exposed hardfacing alloys consisting of Cr7C3 primary and eutectic carbides
and eutectic austenite to sodium hydroxide (pH 14) at 90oC and found that the eutectic
austenite corroded. Cast white irons were found to have better corrosion resistance than
welds. Similarly, other investigators [1, 3] also found that the corrosion of white
chromium cast irons occurred in the eutectic austenite or martensite. In contrast to this, in
the study conducted by Salasi [4] on cast primary chromium carbides were found to
corrode in preference to the eutectic austenite or martensite matrix. Tsai et al. [5]
performed corrosion experiments on sintered pure chromium carbides (Cr23C6) 0.1 N
NaOH that was deaerated and saturated with H2 before each experiment in the
temperatures range of 275 to 325oC. It was found that dissolution of chromium carbides
occurred.
Salasi et al. [6, 7] found that in an alkaline solution of pH 12 a layer of Fe3O4 can form
on carbides and a passive layer forms in the matrix eutectic austenite. In the studies
conducted by Nelson [2] and Mcleod [8] in alkaline solution it was proposed that the
dissolution of the matrix occurred primarily due to depletion of chromium in a matrix.
They also proposed that chromium depletion hindered the formation of passive film on
the surface of austenite. The corrosion of either matrix [2, 8] or carbides [6, 7] depended
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upon the formation of passive film on the matrix. Aziz et al. [3] proposed that the
corrosion attack of the matrix in an alkaline solution occurred due to micro-galvanic
interaction between matrix and the carbides and chromium depletion. Similar ideas were
also proposed by other investigators [2, 6, 8, 9].
Whilst these studies have done much to improve our knowledge on corrosion behaviour
of high chromium white irons, they did not discuss a method to predict corrosion
behaviour. This is where the use of Pourbaix diagrams fits in. Pourbaix diagrams can not
only be used to predict the corrosion behaviour of materials so that problems in the future
can be avoided but, also provide simplified explanation of complicated chemistry and
thermodynamics. Pourbaix diagrams can also be used to diagnose past and present
problems in a thoughtful manner. They can also be used to design suitable experiments in
an electrolyte of interest. Some investigators have used the Pourbaix diagrams of metals
to explain the behaviour of corrosion of metals at elevated temperatures in energy
industries [10]. With this in view Varmaa et al [11, 12] developed Pourbaix diagrams for
carbides in order to explain the trend observed in the corrosion behaviour of carbides. In
this experimental study the corrosion of hardfacing alloys based on HCWI will be
explained through the use of Pourbaix diagrams of carbides.
2.

Experimental Method

Hardfacing alloys based on HCWI were deposited on low carbon steel using Shielded
Metal Arc Welding (SMAW). The typical composition of the deposited hardfacing alloys
are given in Table 1. Alloy 1 mainly had high carbon and chromium while Alloy 2 had a
number of elements, such as niobium, molybdenum and tungsten. These elements would
form carbides in preference to chromium and hence this sample was likely to contain
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complex carbides. The recommended welding parameters provided by the manufacturer
of the hardfacing alloys are given in Table 2. To avoid the dilution welding was performed
in four layers. Samples were cut from the weld deposits were prepared for microstructural
observations. The samples were etched in 20ml distilled water, 10ml HCl, 30ml HNO3
and 5g of FeCl3 [13].
Table 1: Chemical compositions (wt.%) of hardfacing alloys.
Alloy
Type
Alloy 1
Alloy 2

C

Cr

4.8 30.0
4.2 22.6

Mn V

Si

Ni

Mo W

Nb Fe

1.1
0.2

1.4
2.0

0.5
_

1.7
5.8

_
5.0

0.2
1.7

_
2.2

Bal.
Bal.

Table 2: Welding Parameters
Welding
Welding
Voltage
Type
(V)
MMAW

32 V

Welding
Current
(A)
100-150
A

Welding
Speed
(mm/min)
120 – 200
mm/min

Number of
deposits &
Layers
4 Layers, 5
Beads

Corrosion tests were conducted using electrochemical methods with a Gamry Reference
3000 potentiostat and a three-electrode cell. The HCWI (sample area = 2.85cm2) was the
working electrode exposed to the electrolyte 2M NaOH solution of pH 14. The graphite
and silver/silver chloride were the counter and reference electrodes respectively. Before
measuring corrosion potential, the alkaline solution in the corrosion cell was deaerated
using nitrogen gas for 30 minutes as described in the ASTM Standard G5-94 [14]. The
open circuit potential (Ecorr) was measured after 10 minutes, and then the
potentiodynamic test was conducted at the scan rate of 0.17 mV/s [14]. The
potentiodynamic test was continued till the sample showed transpassive behaviour. Then
the microstructure was examined using an optical microscope by removing the corrosion
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product using rubber cork under running tap water [2]. The potentiodynamic tests
conducted three times for each specimen to determine the consistency of the curves.
On the basis of the potentiodynamic test results potentiostatic etching was conducted at
different potentials on HCWI samples to determine the effect of corrosion in the
microstructures. The voltages were selected at a few inflexions from points 1-6 as shown
in Table 3 and the microstructures of the samples were recorded. Tafel plots were also
conducted at -150mV to +150mV with the scan rate of 0.2 mV/s to determine the
corrosion behaviour. The electrochemical data analysis was done using Echem Analyst
software [15].
Table 3: Potentials used for potentiostatic tests from the anodic curves of alloy 1 and 2.
Sample

1

2

3

4

5

6

Alloy 1

0.200

0

0.100

0.200

0.400

0.600

0.200

0

0.200

0.400

0.600

-

Potential (V) vs
Ag/AgCl
Alloy 2
Potential (V) vs
Ag/AgCl

The Scanning Electron Microscopy (SEM, Philips XL 30 series) was used to study the
microstructure and Energy Dispersive X-ray Spectrometry (EDS) was used study the
chemical composition of the samples before and after corrosion. The ICPMS was
conducted to analyse the chemical composition of the electrolyte after the corrosion tests.
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3.

Results

3.1. Microstructure characteristics of HCWI alloys
Fig. 1 shows the microstructure of alloy 1 hardfacing sample. The microstructure shows
primary carbides surrounded by eutectic carbides and austenite [16, 17]. The primary
carbides are polygonal and some needle shaped depending on the direction of
solidification. The primary and eutectic carbides are of the type M7C3 and M23C6
respectively [18-24]. Fig.2 shows the microstructure of alloy 2 sample. The
microstructure shows again primary carbides surrounded by eutectic carbides and
austenite. The microstructure also shows some light regions of niobium carbide (NbC)
[21].

Fig.1: Microstructure of alloy 1 sample showing polygonal primary carbides surrounded
by eutectic carbides and austenite
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Fig.2: Microstructure of alloy 2 sample showing polygonal primary carbides surrounded
by eutectic carbides and austenite. a1 is NbC
The SEM pictures of the alloy 1 and alloy 2 samples are given in Fig.3 (i&ii). The point
elemental analysis was done on primary carbides (a), carbide/matrix interfaces (b), matrix
(c) and eutectic carbides (d) and the values are given in Table 4. In Fig. 3(i&ii) the areas
marked d1 were found to be molybdenum carbide. In Fig.3 (ii) the area marked a1 was
found to be niobium carbide. From Table 4 it can be seen that the primary and eutectic
carbides (a and d respectively) had high amounts of chromium and iron in both the
samples. Area b denotes carbide-austenite interface and shows that the chromium is lower
than 10% for alloy 1 sample and 14.38% for alloy 2 sample. Area c denotes austenite for
both alloy 1 and alloy 2 samples, where the percentage of chromium is higher in alloy 2
samples than in alloy 1. This may be due to the presence of strong carbide forming element
niobium that allows chromium to remain in austenite [25]. The area d1 of both alloy 1
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and alloy 2 samples exhibit the presence of molybdenum in eutectic carbide with a lower
amount of chromium compared to area d.

Fig. 3: SEM microstructure analysis of [i] alloy 1 and [ii] alloy 2 hardfacing samples
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Table 4: EDS analysis (wt.%) for hardfacing samples.
Samples
a
b
c
d
Alloy 1
d1
a
a1
b
c
d
Alloy 2
d1
where a = primary

Cr
46
10
7
33
12
50
14
13
54
21
carbides, b=

Mo
Fe
Nb
37
70
80
42
33
27
25
66
69
79
34
17
56
carbide/matrix interface, c= matrix and d, d1 =eutectic

carbides
3.2. Corrosion behaviour of HCWI alloys
3.2.1. Potentiodynamic and Potentiostatic test
The potentiodynamic tests were conducted by exposing the HCWI samples in 2M NaOH
solution of pH 14. The results of the three potentiodynamic tests are given Figs 4 &5 for
alloy 1 and alloy 2 samples respectively. It can be seen that there was very little difference
between the three tests for both the samples. The curves did not exhibit a typical activepassive behaviour but exhibited an active behaviour all through. Though the curves were
very nearly the same for both alloy 1 and alloy 2 samples, there were a few minor
differences. The transpassive region occurred at about 550mV for alloy 1 samples while
it occurred at about 600mV for the alloy 2 samples.
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Fig. 4: Anodic polarization curve for alloy 1
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Fig. 5: Anodic polarization curve for alloy 2
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Fig. 5a: Anodic polarization curve for alloys 1 and 2
The microstructures after the potentiostatic etching are shown in Figs. 4 & 5. For the alloy
1 sample, corrosion occurs at the eutectic carbides at points 1-4 in Fig. 4 followed by the
corrosion of primary carbides at points 5 and 6 as shown in the microstructures of Fig. 2.
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The microstructure of eutectic carbide corrosion is shown in Fig.6 and one can see that
the primary carbides are still intact. Fig.7 shows the microstructure of the alloy 1 sample
at point 6 of the polarisation curve in Fig.4. It can be seen that the carbides have dissolved
leaving just the eutectic austenite without corrosion.

Fig. 6: Corrosion of eutectic carbides in alloy 1 sample
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Fig. 7: Corrosion of eutectic and primary carbides in alloy 1 sample and SEM/EDS
Microstructure analysis of matrix sample (a) higher magnification of dissolved carbides

For alloy 2 samples at point 3 of Fig. 5 niobium carbides have undergone extensive
corrosion as seen in Fig. 8. At the transpassive region of Fig. 5 it can be seen that the
primary and eutectic carbides have undergone corrosion as seen in Fig. 9. In summary, it
can be said that primary carbide dissolution happens at higher oxidation potentials than
the eutectic carbides and niobium carbides.
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Fig. 8: Corrosion of niobium carbide in alloy 2 sample

Fig. 9: Corrosion of NbC, eutectic and primary carbides in alloy 2 sample
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The dissolution of primary carbides also occurred only at potentials 5 and 6 of Figs. 4 and
5. Even at these high potentials eutectic austenite is protected. The final potentials of the
work from Nelson [2] and Salasi [6] are given in Table 5. These potentials are then placed
on the potetiodynamic curves in Fig. 10. Nelson [2] found that corrosion occurred mainly
on eutectic austenite. The final potential of transpassive region for Nelson [2] which was
placed in Fig. 10 shows that it was closer to potentiostatic test point 4 where eutectic
carbides were found to corrode. However, it must be noted Nelson did his corrosion tests
at 90oC. Although it is expected that the Pourbaix diagram regions will shift to lower
potentials at high temperatures, it is interesting to note that in tests conducted by Nelson
[2] did not reach transpassive potential found in the present study. This is possibly the
reason why corrosion did not occur in the carbides. However, Tsai et al [5] found that
chromium carbide (Cr23C6) did corrode at 300oC. Cr23C6 is a less stable carbide than Cr7C3
[11]. The final potential from the tests done by Salasi [6] was closely matching with that
of alloy 1 in this investigation. The microstructures from the work of Salasi [6] also
showed that corrosion occurred on eutectic and primary carbides at the transpassive
regions.
Table 5: The final potentials used for potentiodynamic test of HCWI at alkaline
solutions conducted by other literatures.

Other Literatures
Nelson [2]
Salasi [6]

Final Potentials Vs Ag/AgCl
0.22
0.600
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Fig. 10: Final potentials (FP) from authors Salasi [6] and Nelson [2] are reproduced on
potentiodynamic curve of this thesis. FP was the potential at which the tests were
terminated.
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3.2.2. Tafel plot
The Tafel analysis was done on Echem Analyst to obtain the values of the slope of
tangents ( A and  C), Ecorr and Icorr. From the derived values of  A, C and Icorr for all
the HCWI samples, the polarisation resistance Rp values were determined from the below
equation [26].
Polarization resistance (Rp) =

 
.

(

 )

The values, Ecorr, Icorr, Rp and corrosion rate, are given in Table 6. The alloy 2 specimen
shows better corrosion resistance than alloy 1, due to its higher corrosion potential and
polarization resistance and lower corrosion current. The better corrosion resistance of
alloy 2 sample may be due to the higher percentage of chromium in matrix than alloy 1
sample as shown in Table 4a.
Table 6: Icorr, Ecorr and Corrosion rate obtained from Tafel plot for hardfacing samples.
EXPERIMENTAL

Alloy 1

Alloy 2

Icorr (µA)

4.68

1.61

Ecorr (V) Vs Ag/AgCl

-0.522

-0.427

Ecorr (V) Vs SHE

-0.3

-0.205

Rp (Ω cm2)

5.92x10-3

0.0264

Corrosion Rate (mm/y)

0.0117

0.0042

DETERMINATIONS
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3.2.3. Microstructure analysis after corrosion
The SEM/EDS analysis was done after the corrosion test for alloy 1 sample to understand
the dissolution/corrosion of elements associated in the corrosion of carbides as shown in
Fig. 11.

Fig. 11: SEM Microstructure analysis of alloy 1 hardfacing sample after corrosion.
In Tables 4 and 7, the analysis of primary and eutectic carbides of alloy 1 sample before
and after corrosion shows that significant dissolution of chromium element takes place at
higher potentials in alkaline solution. The ICPMS tested results for alloy 1 sample in Table
8 revealed that significant dissolution of chromium (7600 µg/L) takes place at higher
potentials in 2M NaOH solution. There were no significant differences in percentage of
chromium in the matrix after the corrosion test as given in Table 7c. The increase of
percentage of iron in the carbides after potentiostatic corrosion test is clearly seen in the
Table 7 of alloy 1 sample, and this may be due to passive film growth and low dissolution
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of iron in alkaline solutions [27]. The partial dissolution of iron 3330 µg/L was detected
using ICPMS. The EDS and ICPMS test results also showed that there was complete
dissolution of molybdenum, manganese and vanadium elements at higher potentials in
2M NaOH solution as given in Tables 7 and 8. After corrosion, the carbides become
hollow in shape and some cracks were found as shown in Fig. 7a.
Table 7: EDS analysis (wt.%) of Alloy 1 Sample after corrosion.
Cr
Fe
a
2
48
b
11
80
c
11
79
Alloy 1
d
8
70
where a=primary carbides, b=carbide/matrix interface, c=matrix and d-eutectic carbides
Sample

Table 8: ICPMS Analysis in 2M NaOH solution after corrosion test at point 6 of Alloy 1
Sample.
Cr (µg/L)

Fe (µg/L)

Mo (µg/L)

Mn (µg/L)

V (µg/L)

7600

3330

324

201

75.5

Hardness test was done on the alloy 1 sample before and after corrosion as shown in Fig.
12 to ascertain how corrosion affected carbides. This will help us understand how useful
is the carbide to resist wear. It was found that there was a significant drop of hardness
from 2299HV before corrosion to 41.8HV after corrosion in the carbides. This clearly
showed that the carbides had indeed corroded at higher potentials in an alkaline solution
and perhaps are not useful any longer to resist wear.
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(a)

(b)

Fig. 12: Hardness test (a) before corrosion (b) after corrosion
3.2.4. Corrosion analysis of carbide and matrix samples
After the carbides had dissolved in the potentiostatic tests, the potential of the eutectic
austenite alone in the alkaline solution was measured for alloy 1 sample. For this epoxy
solution was placed on the surface of the sample and the sample was repolished after the
epoxy hardened. Similarly, in order to measure the potential of the carbides, the matrix
was dissolved in an acidic solution [28]. Again epoxy was applied to the sample surface
and it was repolished. After preparing carbide and matrix sample, corrosion potential of
the samples was recorded in 2M NaOH alkaline solution as shown in Table 9. The matrix
sample shows nobler potential than a carbide sample in highly alkaline solution.
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Table 9: Corrosion potential for carbide and matrix Alloy 1 sample in 2M NaOH solution.

Sample (Alloy 1)
Carbide
Matrix
4.
4.1.

Corrosion
Potential (V)
Vs Ag/AgCl
-0.625
-0.379

Discussion
Galvanic effect

The results showed that corrosion of HCWI in alkaline solution occurs mainly on
carbides. The corrosion of the HCWI can be explained by micro-galvanic corrosion
between carbide and eutectic austenite [3]. It was shown in this work that carbide
exhibited a less noble potential than the eutectic austenite. Galvanic couple is formed
between carbides and matrix. The noble potential of eutectic austenite matrix produces a
cathode and active potential of eutectic and primary carbides produces an anode. Due to
potential difference, preferential dissolution of carbides occurs in preference to the matrix.
Table 7 also confirms for alloy 1 sample, after corrosion test, that there is significant
reduction of chromium content in the carbides but not in the matrix. Others [2, 6, 8, 9]
have found similar galvanic corrosion effect for HCWI materials in alkaline media. The
study conducted by Tsai et al. [5] suggests that the dissolution rates of carbides are higher
in alkaline solution while in contact with platinum. This theory is in line with the findings
of Salasi et al [4]. However, they contradict the findings of others who found that carbides
did not corrode [2, 3, 8]. It is possible that these investigators did not test till the
transpassive region.
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The corrosion trend of HCWI hardfacing deposits can be explained through the use of
Pourbaix diagrams. Since the alloys have significant amounts of elements other than
chromium, the superimposition of Pourbaix diagrams of other elements on chromium
carbide Pourbaix diagrams will be useful in explaining the stability of these alloys in high
pH solutions.
4.2. Stability of carbides of HCWI and Pourbaix diagrams
From the Pourbaix diagram of chromium carbide (Cr7C3) in Fig. 13, it can be seen at pH
of 14, the immune region boundary is around -1.3V (SHE). At higher potentials Cr7C3
forms Cr2O3, followed by CrO42- . The rest potentials measured for the hardfacing alloys
lie in the region of Cr2O3. The presence of iron (Fe) was identified in carbides and eutectic
austenite as described in Table 4. There is a sort of galvanic effect described in the
previous section due to presence of Fe in carbides and eutectic austenite. It would be
useful to superimpose the Fe Pourbaix diagram [29] with Pourbaix diagram of Cr7C3 as
shown in Fig. 14.
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Fig. 13: Pourbaix diagram of in pH 14 with anodic potentials of HCWI [11].

Fig. 14: Pourbaix diagram of Cr7C3 - Fe in pH 14 with anodic potentials of HCWI [11,
29].
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At the rest potential of the carbides, the hardfacing alloys undergoes corrosion as seen in
Figs. 4 and 5. The Tafel analysis also indicates that corrosion can be identified at rest
potentials for HCWI hardfacing alloys and this is borne out by the fact that the anodic
polarisation curve exhibited active behaviour. The alloys undergo some mild corrosion
until point 4 in Figs 4 and 5. Although the alloys are in the region of corrosion as shown
in Fig. 14, due to presence of Fe and its oxide Fe2O3, the alloys undergo only mild
corrosion. The presence of Fe2O3 stops extensive corrosion from happening. However, on
reaching the potential 5, there is substantial corrosion of carbides as Fe is also taken to
the region of corrosion FeO42-. Corrosion of carbides can be seen in the microstructures
of Figs. 7 and 9.
However, in the case of alloy 2, NbC was found to have no Fe as seen in Table 4. This is
the reason NbC was found to corrode at lower potentials than Cr7C3 primary carbides as
seen in Fig. 5. On superimposing NbC and Cr7C3 Pourbaix diagrams on each other in Fig.
15, it can be seen that NbO is formed at the rest potentials. NbC has undergone extensive
corrosion at potentiostatic point 3 whereas Cr7C3 was still reasonably stable until
potentiostatic point 6. NbC is found to be unstable only due to absence of iron. Strehblow
et al. [30, 31], McLeod et al. [32] and Salasi [7] have found that iron forms a thicker stable
passive layer than chromium in highly alkaline solution. Further at potentiostatic point 4
in the Pourbaix diagram of Fe, FeO42- is the stable phase.
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Fig. 15: Pourbaix diagram of Cr7C3 - NbC in pH 14 with anodic potentials of HCWI
[11, 12].
The molybdenum, manganese and vanadium are not stable and exist in the corrosion
region at higher potentials as explained in the Pourbaix diagram of molybdenum [33],
manganese [34] and vanadium [35] at pH 14. According to these Pourbaix diagrams, the
elements molybdenum, manganese and vanadium may dissolve in the form of species
MoO42-, MnO4- and VO43-. The ICPMS test results as shown in Table 7 also revealed that
the dissolution of above elements occurred at higher potentials as these are located in the
corrosion region.
The dissolution of carbides in the hardfacing alloy shown in this work will have an effect
on the usefulness of hardfacing material against wear. The hardfacing alloys even at open
circuit potential are in the active state in high pH solutions. Although it has been shown
through Pourbaix diagrams [11] that there is the formation of Cr2O3 passive layer, it was
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argued that in order for the passive layer to form Cr7C3 should undergo dissociation. It
was found that iron in the primary carbides provides some stability to the carbides.
However, under wear conditions the passive layers would be removed and will likely be
subjected to synergistic erosion-corrosion mechanism. Although no use of cathodic
protection has been done on hardfacing alloys, it may be useful to apply cathodic
potentials to place the hardfacing alloys in the immune region of the Pourbaix diagram.
In that instance, the loss of material would be likely erosion and not the synergistic
erosion-corrosion. Work is underway in this laboratory to introduce nitrogen into the
hardfacing alloys to form nitrides, carbo-nitrides or simply nitrogen as an alloying
element. Nitrogen has been added to stainless steels to improve corrosion resistance [36,
37].
By developing the Pourbaix diagrams for various carbides [12], it can be seen that the
formation of passive layers will result in the dissociation of carbides and erosive particles
will likely remove the oxide layer resulting in erosion-corrosion. The dissociation of
carbides to form the passive layer will likely render the carbides ineffective against wear.
It was found silicon and tungsten carbides also undergo corrosion [38, 39]. All carbides
seem to have this issue. It is proposed, that cathodic potentials may be another avenue that
needs to be explored to improve the erosion-corrosion resistance of hardfacing alloys.
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5.

Conclusions

The corrosion behaviour of typical HCWI alloys with different chemical compositions in
alkaline solutions were investigated. The four main conclusions drawn from this study are
as follows:
1. The preferential corrosion occurs on carbides for all the HCWI samples at higher
potentials.
2. Eutectic austenite attains noble potential acts as a cathode, and the carbides attain an
active potential.
3. The analysis of SEM/EDS and Pourbaix Diagram reveals that chromium, molybdenum
and carbon are not so stable as iron at higher potentials in alkaline solutions.
4. Application of cathodic potentials to place the carbides in the immune region is likely
to improve the durability of carbides in erosive-corrosive fluids.
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Abstract
Hardfacing alloys of High Chromium White Irons (HCWI) were deposited on low carbon
steel using Shielded Metal Arc Welding (SMAW). Microstructure of HCWI consists of
primary carbides, eutectic carbides and eutectic austenitic/martensitic matrix. This study
investigated the corrosion behaviour of HCWI in both acid and neutral solutions. The
corrosion behaviour of HCWI were evaluated using anodic polarisation technique. It was
found that in acid solution at pH 1.5, the corrosion occurs on eutectic austenite/martensitic
matrix whereas at pH 2, the corrosion occurs on eutectic carbides. In the neutral
environment at pH 7, corrosion of HCWI occurred in the eutectic austenite/martensite
matrix in the presence of chloride ions, while in the buffered solution, corrosion occurred
in the carbides. The results of this study show that the corrosion mechanism of HCWI for
both acid and neutral environments was due to potential difference between carbides and
eutectic austenite/martensitic matrix. The superimposed Pourbaix diagrams of chromium
carbides with iron (Fe) and niobium carbide (NbC) were useful in explaining the
behaviour of HCWI in both acid and neutral solutions.
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Keywords: hardfacing, high chromium white irons, acid, neutral, chloride ions, Pourbaix
diagram of carbides
1. Introduction
The excellent abrasion and wear resistant HCWI hardfacing alloys used in sugarcane rolls,
pump impeller components, oil and gas pipelines and also to rebuild screw barrels in
plastic industry are exposed to strong acidic environment and there are limited studies on
the corrosion behaviour of hardfacing alloys [1-4]. HCWI components for crushing and
grinding mill liners, deep-sea drilling operations, seawater valves and subsea oil
operations are exposed to neutral and seawater environment [5, 6]. Investigation done by
Rogers [7] on corrosion of hardfacing alloys in marine environment showed that corrosion
occurred in the chromium-depleted region of the austenite matrix while forming
chromium carbides. This type of corrosion was also found in valves depending on the
exposed time under seawater. Galvanic couple is formed between the carbide and matrix,
where chromium-depleted austenite matrix acts as an anode and carbide acts as a cathode
in seawater environment.
Similarly, the studies conducted for HCWI in acidic [1, 8-13] and neutral [8, 14-19]
environments proposed that preferential corrosion of eutectic austenite or martensitic
matrix occurred due to the formation of galvanic cell between carbides and eutectic
austenite or martensite matrix. Zhang et al. [13] conducted experiment at pH 1.5 acidic
solution by separating carbides and eutectic austenite matrix from HCWI hardfacing
alloys. It was found that corrosion occurs mainly due to potential difference between
eutectic austenite matrix and carbides. In pH 1.5 solution, carbides attained more noble
potential than eutectic austenite matrix. Other investigators [8, 11, 17, 20-22] proposed
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that HCWI corrosion occurred at interface between carbides and eutectic austenite matrix
for both acidic and neutral environments. They also suggested the cause of corrosion was
due to the depletion of chromium below 12% at interfaces while forming carbides, which
hindered the formation of passive film.
Aziz et al. [8] found that corrosion was strongly dependent upon the corrosive
environment, and the evolution of hydrogen in acidic medium prevented the formation of
passive film on HCWI surface. Tang et al. [9, 10] found that in acidic solution of 0.5 M
H2SO4, the corrosion rate decreased with increasing percentage of carbon which resulted
in HCWI to form more chromium carbides which decreases the volume fraction of
austenite matrix. The higher carbon content increased the area ratio of cathode chromium
carbides to anode eutectic austenite matrix in acidic environment.
Only limited studies [23, 24] suggested that the effect of chloride ions in the
microstructure of HCWI. It was proposed that chloride ions did not allow the eutectic
austenite matrix to form a passive film on the surface. Tian et al. [11] found that due to
diffusion control of chloride ions, the corrosion rate of HCWI was significantly lesser for
higher chloride concentration than lower chloride concentration. Tang et al. [9] showed
that the volume loss of HCWI was significantly higher at neutral pH 7 than at pH 3 and
5. It was due to the formation of weakened passive layer of HCWI in neutral solution.
Whilst these studies help to understand the main findings on corrosion behaviour of high
chromium white irons in both acidic and neutral environments. Despite the significant
findings on corrosion behaviour of HCWI, they did not discuss a method to predict
corrosion behaviour. This is where the application of Pourbaix or E-pH diagrams fits in.
There are only limited studies in the use of Pourbaix diagrams to predict a trend for the
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corrosion behaviour of hardfacing alloys in both acidic and neutral environments.
Pourbaix diagrams can not only be used to predict the corrosion behaviour of materials,
but also provide a simplified explanation of complicated chemistry and thermodynamics.
Pourbaix diagrams can also be used to diagnose past and present problems in a thoughtful
manner. They can also be used to design suitable experiments in an electrolyte of interest.
Some investigators have used the Pourbaix diagrams of metals to explain the behaviour
of corrosion of metals in natural sea water and aqueous sulfidic solution [25, 26]. With
this in view, Varmaa et al [27, 28] developed Pourbaix diagrams for carbides in order to
explain the trend observed in the corrosion behaviour of carbides. In this experimental
study, the corrosion of hardfacing alloys based on HCWI, in acidic and neutral
environments, will be explained through the use of Pourbaix diagrams of carbides.
2. Experimental Procedure
Hardfacing alloys based on HCWI were deposited on low carbon steel using Shielded
Metal Arc Welding (SMAW). The typical composition of the deposited hardfacing alloys
are given in Table 1. Alloy 1 with boron element mainly forms eutectic martensitic matrix
along with chromium carbides, while Alloy 2 had a number of elements, such as niobium,
molybdenum and tungsten forms complex carbides with eutectic austenite matrix [29, 30].
These elements would form carbides in preference to chromium and hence this sample
was likely to contain complex carbides. The recommended welding parameters provided
by the manufacturer of the hardfacing alloys are given in Table 2. To avoid dilution,
welding was performed in four layers. Samples cut from the weld deposits were prepared
for microstructural observations. The samples were etched in 20ml distilled water, 10ml
HCl, 30ml HNO3 and 5g of FeCl3 [31].
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Table 1: Welding Parameters
Welding
Type

Welding
Voltage
(V)

MMAW

32 V

Welding
Current
(A)
100-150
A

Welding
Speed
(mm/min)
120 - 200
mm/min

Number of
deposits &
Layers
4 Layers, 5
Beads

Table 2: Typical Chemical compositions (wt.%) of hardfacing alloys.
Alloy
Type
Alloy 1
Alloy 2

C

Cr

Mn

V

Si

B

Ni

Mo

W

Nb

Fe

3.2 24
4.2 22.6

0.4
0.2

1.7
1.7

2.4
2.0

1.2
-

-

5.8

2.2

- Bal.
5.0 Bal.

Corrosion tests were conducted using electrochemical methods with a Gamry Reference
3000 potentiostat and a three-electrode cell. The HCWI (sample area = 2.85cm2) was the
working electrode exposed to electrolytes with selected pH as shown in Table 3. pH 1.5,
2 and 7 were selected for explaining the trend of corrosion behaviour of HCWI with
different regions of Pourbaix diagram of carbides [27, 28]. The effect of chloride ions was
analysed in pH 7 with NaCl solution. The graphite and silver/silver chloride were the
counter and reference electrodes respectively. Before measuring corrosion potential, the
electrolyte in the corrosion cell was deaerated using nitrogen gas for 30 minutes as
described in the ASTM Standard G5-94 [32]. The open circuit potential (Ecorr) was
measured after 10 minutes, and then the potentiodynamic test was conducted at the scan
rate of 0.17 mV/s [14]. The potentiodynamic test was continued till the sample reaches the
final potential 2V. The final potential 2V was selected on the basis of maximum potential
used in the Pourbaix diagram of carbides [27, 28]. Then the microstructure was examined
using an optical microscope by removing the corrosion product using rubber cork under
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running tap water [2]. The sample weight and pH of electrolyte were measured before and
after corrosion test for identifying the changes that happened during the potentiodynamic
test.
Table 3: Composition of electrolytes for anodic polarisation tests
Samples

Electrolyte

pH

Alloy 1

0.5M H2SO4

1.5

Alloy 2

0.5M H2SO4

2

Alloy 1

2M NaCl

7

Alloy 2

Buffer solution (containing

7

potassium dihdrogen
phosphate, sodium phosphate
dibasic, preservative and dye)

The hardness was measured before and after corrosion test on HCWI samples using
Vickers hardness testing machine at 10g load. The 10g load was chosen to measure the
hardness of carbides and eutectic austenite/martensitic matrix separately. The Scanning
Electron Microscopy (SEM, Philips XL 30 series) was used to study the microstructure
and Energy Dispersive X-ray Spectrometry (EDS) was used study the chemical
composition of the microstructural phases. The Inductively Coupled Plasma Mass
Spectrometry (ICPMS) was used to analyse the chemical composition of the electrolyte
after the corrosion tests. Sample with higher dissolved solids was analysed using
Inductively Coupled Plasma Optical Emission Spectrometry (ICPOES).
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3. Results
3.1. Microstructure characteristics of HCWI alloys
Fig.1 shows the microstructure of alloy 1 hardfacing sample. The microstructure shows
primary carbides surrounded by eutectic carbides and martensite. The boron content
present in alloy 1 helps to alter the eutectic matrix from austenite to martensitic [29, 30].
The primary carbides are polygonal and some needle shaped depending on the direction
of solidification. The primary and eutectic carbides are of the type M7C3 and M23C6
respectively. The M7C3 carbides were considered to be more stable than M23C6 carbides
[15, 33-38]. Fig.2 shows the microstructure of alloy 2 sample. The microstructure shows
again primary carbides surrounded by eutectic carbides and austenite. The microstructure
also shows some light regions of niobium carbide (NbC). The niobium element in alloy 2
helps to enrich the chromium in matrix which increases the austenite formation
temperature and forms austenite matrix. The formation of reinforced niobium carbide
NbC in alloy 2 helps to prevent the detachment of chromium rich M7C3 primary carbides
[35, 39].
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Fig.1: Microstructure of alloy 1 sample showing polygonal primary carbides surrounded
by eutectic carbides and martensite

Fig.2: Microstructure of alloy 2 sample showing polygonal primary carbides surrounded
by eutectic carbides and austenite. Light regions are niobium carbides (NbC)
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The SEM pictures of the alloy 1 and alloy 2 samples are given in Fig.3 (i&ii). The point
elemental analysis was done on primary carbides (a), carbide/matrix interfaces (b), matrix
(c) and eutectic carbides (d) and the values are given in Table 4. In Fig. 3(ii) the area
marked d1 was found to be molybdenum carbide. In Fig.3 (ii) the area marked a1 was
found to be niobium carbide. From Table 4, it can be seen that the primary and eutectic
carbides (a and d respectively) had high amounts of chromium in both the samples. Area
b and c denotes the carbide-austenite interface and eutectic austenite or martensite matrix
shows that the chromium is lower than primary carbides but higher amount of iron present
in both the samples. The results of Table 4 show that larger amount of chromium was
consumed while forming primary and eutectic carbides.
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Fig. 3: SEM analysis of [i] alloy 1 and [ii] alloy 2 hardfacing samples
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Table 4: EDS analysis (wt.%) for hardfacing samples.
Samples

Cr
a
42
b
15
Alloy 1
c
13
d
30
a
50
a1
Alloy 2
b
14
c
13
d
54
d1
21
where a = primary carbides, b=

Mo
Fe
Nb
33
67
76
52
25
66
69
79
34
17
56
carbide/matrix interface, c= matrix and d, d1 =eutectic

carbides
The hardness of carbide and matrix for both alloy 1 and 2 samples was measured with 10g
load as shown in the Table 5. The hardness of carbide and eutectic martensitic matrix for
alloy 1 sample found to be higher than the alloy 2 sample. This may be due to addition of
boron content which significantly increases the hardness of the microstructure of alloy 1.
According to previous studies [22, 40] , eutectic martensitic matrix of alloy 1 sample
found to be harder than the eutectic austenite matrix of alloy 2 sample.
Table 5: Hardness of carbide and matrix of Alloy 1 and 2
Samples

Carbide (HV)

Eutectic austenitic or
martensitic matrix (HV)

Alloy 1

2015

835

Alloy 2

1711

420
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3.2. Corrosion behaviour of HCWI alloys
3.2.1. Potentiodynamic tests
The potentiodynamic tests were conducted by exposing the HCWI samples to the selected
electrolytes of pH 1.5, 2 and 7. The Rest Potential (RP) changes with the nature of
electrolyte and pH for both the samples alloy 1 and 2. In Fig. 4, the potentiodynamic curve
of alloy 1 in 0.5M H2SO4 of pH 1.5 exhibits an active behaviour rather than active-passive
behaviour. The pitting can be noted on the curve especially at higher potentials. Fig. 5
shows the microstructure of alloy 1 sample at Final Potential (FP) of the potentiodynamic
curve in Fig. 4. It can be seen that the dissolution of eutectic martensitic matrix occurred
in preference to carbides. The primary and eutectic carbides were seen to be protected
from corrosion at FP in pH 1.5 solution. The potentiodynamic curve of alloy 2 at 0.5M
H2SO4 of pH 2 shows active-passive behaviour as shown in Fig. 6. The active behaviour
of alloy 2 starts from RP until point 1, after that passive behaviour of alloy 2 was seen
from points1-2 and then trans-passive region was observed from point 2 to FP. The
microstructure of alloy 2 sample in Fig. 7 shows the corrosion occurs in the eutectic
carbides rather than the eutectic austenite matrix at FP of Fig. 6. The niobium and primary
carbides were seen to be well protected at FP in pH 2 solution.

86

____________________________________________________________________CHAPTER 5

Fig. 4: Anodic polarization curve for alloy 1 in pH 1.5 solution.
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Fig. 5: Microstructure of corroded eutectic martensitic matrix of Alloy 1 after anodic
polarisation test in pH 1.5 solution.
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Fig. 6: Anodic polarization curve for alloy 2 in pH 2 solution.
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Fig. 6a: Anodic polarization curve for alloy 1 in pH 1.5 solution and alloy 2 in pH 2
solution.
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Fig. 7: Microstructure of corroded eutectic carbides of Alloy 2 after anodic polarisation
test in pH 2 solution.
In neutral solution at pH 7, Fig. 8 shows the potentiodynamic curve of alloy 1 at 2M NaCl
solution which exhibits active and slight passive behaviour from RP to FP. The presence
of aggressive chloride ions in the solution does not allow the formation of passive film on
the surface of HCWI. The microstructure of alloy 1 in Fig. 9 shows complete dissolution
of eutectic martensitic matrix by protecting eutectic and primary carbides at FP of Fig. 8.
In pH 7 buffer solution, Fig. 10 of alloy 2 shows passive-active behaviour. The passive
formation of alloy 2 in buffer solution starts from RP until point 1 and then the active
behaviour was observed from point 1 to FP. Fig. 11 shows the microstructure of alloy 2
sample at FP of the potentiodynamic curve in Fig.10. It can be seen that dissolution of
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eutectic and primary carbides with preference to eutectic austenite matrix. The niobium
carbides were seen to be protected at FP in pH 7 buffer solution.

Fig. 8: Anodic polarization curve for alloy 1 in pH 7 2MNaCl solution
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Fig. 9: Microstructure of corroded eutectic martensitic matrix of Alloy 1 after anodic
polarisation test in pH 7 NaCl solution.
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Fig. 10: Anodic polarization curve for alloy 1 and alloy 2 at pH 7 buffer solution
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Fig. 10a: Anodic polarization curve for alloy 1 at pH 7 NaCl and alloy 2 at pH 7 buffer
solution.
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Fig. 11: Microstructure of corroded primary and eutectic carbides of Alloy 2 after
anodic polarisation test at pH 7 buffer solution

In summary, it can be said that in alloy 1 at pH 1.5 of 0.5M H2SO4 and pH 7 of 2M NaCl
solution, eutectic martensitic matrix has dissolved completely leaving eutectic and
primary carbides with little corrosion. Whereas, by exposing alloy 2 at pH 2 of 0.5M
H2SO4 solution, eutectic carbide gets corroded in preference to eutectic austenite matrix.
In addition to that alloy 2 at pH 7 of buffer solution, eutectic and primary carbides get
corroded in preference to eutectic austenite and niobium carbides.
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3.2.2. HCWI samples and electrolyte analysis after corrosion
The values for RP and corrosion current (Icorr) at FP of potentiodynamic curves for
HCWI samples for selected environments are given in Table 6. Samples in pH 7 buffer
solution showed the best corrosion resistance followed by samples in pH 2, pH 1.5 and
pH 7 NaCl solutions, due to higher RP and lower Icorr at FP of potentiodynamic curves.
Samples in pH 7 NaCl showed poor corrosion resistance due to the presence of aggressive
chloride ions in the solution. The weight and pH analysis after corrosion test in Table 7
showed that poor corrosion resistance in pH 7 NaCl solution had net loss in sample weight
with increase in pH value of the corroded solution. However, samples in good corrosion
resistance of pH 7 buffer solution had net gain in sample weight and no change in pH
value after corrosion. The net gain in sample weight shows that a passive layer probably
formed.
Table 6: Rest Potential (Ecorr) and Corrosion current (Icorr) at final potential

Rest Potential
(RP)

(V)

Alloy 1 (pH Alloy 2 (pH 2)

Alloy 1 (pH 7 Alloy 2 (pH 7

1.5)

NaCl)

Buffer)

-0.454

-0.549

-0.322

21.9

406.9

12.9

-0.500

Vs

Ag/AgCl
Corrosion

32.3

current (Icorr)
(mA)
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Table 7: Weight loss and pH analysis of Alloy 1 and 2 samples in 2M NaCl and buffer
solution before and after corrosion test
Weight analysis
Samples

Alloy 1

pH analysis

Before

After

Net

Before

After

Corrosion

Corrosion

gain/loss

corrosion

corrosion

(g)

(g)

(g/cm2)

23.333

23.126

-0.207

7.24

10.38

28.957

28.960

+0.003

7

7

(NaCl)
Alloy 2
(Buffer)

The results of ICPMS (µg/L) and ICPOES (mg/L) test performed on electrolytes after
corrosion test of HCWI in pH 7 NaCl and buffer solutions are presented in Table 8. There
was significant dissolution of chromium and other elements such as manganese, silicon
and vanadium at FP in pH 7 NaCl solution rather than in pH 7 buffer solution. Thus these
test results confirmed that corrosion was higher in pH 7 NaCl than in pH 7 buffer solution.
The hardness test was done on carbide at 10 g load of alloy 2 sample after corrosion test
in pH 7 buffer solution shows that there was a significant drop in hardness from 1711HV
to 65HV as shown in Table 9.
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Table 8: ICPMS and ICPOES analysis of 2M NaCl and buffer solutions after corrosion
test of Alloy1 and 2 samples
Sampl

B

Cr

Fe

Fe

Mn

Mo

Nb

Si

V

W

es

(µg/

(µg/L)

(µg/

(mg/

(µg/

(µg/

(µg/

(µg/

(µg/

(µg/

L)

L)

L)

L)

L)

L)

L)

L)

-

-

43.4

7290

-

387

15.8

-

261

80.5

L)
Alloy 1 3080

132000

-

1370 6560

4340

1450

(2M
NaCl,
pH=7)
Alloy 2

-

-

24.2

(Buffe
r,
pH=7)

Table 9: Hardness of primary carbide of Alloy 2 sample before and after corrosion test in
pH 7 buffer solution.
Sample
Alloy 2 (Buffer)

Carbide (HV) before

Carbide (HV) after

corrosion

corrosion

1711± 83

65 ± 37

The back scattered electron image of alloy 1 sample of pH 1.5 solution at FP in Fig. 12
shows that eutectic martensitic matrix dissolved completely leaving eutectic and primary
carbides nearly intact. The secondary electron image of alloy 2 at pH 7 buffer solution in
Fig. 13 shows that the carbides are hollow in shape and some cracks were found. These
images of Figs. 12-13 show that after corrosion of eutectic martensitic matrix, the carbides
seem to be unsupported, and corrosion of carbides, makes HCWI samples not useful any
longer to resist wear.
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Fig. 12: Back scattered electron image of corrosion in eutectic martensite of Alloy 1
sample in pH 1.5 solution.

Fig. 13: Secondary electron image of corrosion in carbide of Alloy 2 sample in pH 7
buffer solution
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3.2.3. Corrosion analysis of carbide and eutectic martensitic matrix samples
After the eutectic martensitic matrix had dissolved in the potentiodynamic tests, the
potential of the eutectic and primary carbides alone in the pH 1.5 H2SO4 solution was
measured for alloy 1 sample. For this epoxy solution was placed on the surface of sample
and the sample was repolished after the epoxy hardened [13]. Similarly, in order to
measure the potential of eutectic martensitic matrix, the eutectic and primary carbides
were dissolved in an alkaline solution. Again, epoxy was applied to the sample surface
and it was repolished. After preparing carbide and eutectic martensitic matrix sample,
corrosion potential of the samples in pH 1.5 H2SO4 solution are shown in Table 10. The
carbide sample showed nobler potential than a eutectic martensitic matrix sample in pH
1.5 H2SO4 solution. Similarly, for pH 7 NaCl solution, the eutectic martensitic matrix was
not stable due to nobler potential of carbides. The carbides corroded in the pH 7 buffer
solution same as in the alkaline solution of pH 14 [23, 41], whereas the eutectic austenite
matrix sample showed nobler potential than a carbide sample as described in the literature
[41] after extraction of carbide and eutectic austenite matrix sample in pH 14 solution.
Table 10: Corrosion potential for carbide and matrix of Alloy 1 sample in 0.5M H2SO4
solution.
Sample (Alloy 1)
Carbide
Matrix

Corrosion
Potential (V)
Vs Ag/AgCl
-0.370
-0.475
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4. Discussion
4.1. Galvanic effect
The results showed that corrosion of HCWI in pH 1.5 and pH 7 NaCl solutions occurs
mainly in eutectic martensite. In pH 2 solution, the corrosion occurs in eutectic carbides.
In contrary, in pH 7 buffer solution, the corrosion occurred in primary and eutectic
carbides. The results of extraction of carbide and matrix sample showed that, corrosion
occurs mainly due to galvanic effect. Due to the potential difference, the dissolution of
either eutectic martensitic or carbides depends upon the nature of electrolyte and pH. So
according to the nature of electrolyte, there would be a switch between the noble and
active potentials. Other investigators found that in acid [1, 8-12] and neutral [8, 14-19]
solutions, corrosion was due to galvanic effect for HCWI materials. Zhang et al. [13]
found similar galvanic effect by conducting experiments on carbide and matrix samples.
The findings of Salasi et al. [23, 24] in neutral solution also showed that corrosion of
either eutectic austenite matrix or carbides depended upon the formation of passive layer
on the matrix. The passive layer of matrix led to the corrosion of carbides.
The corrosion trend of HCWI hardfacing deposits for different pH can be explained
through the use of Pourbaix diagrams. Since the alloys have significant amounts of
elements other than chromium, the superimposition of Pourbaix diagrams of other
elements on chromium carbide Pourbaix diagrams will be useful in explaining the stability
of these alloys in high pH solutions.
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4.2. Stability of passive formation of matrix and Pourbaix diagrams
From the Pourbaix diagram of chromium carbide (Cr7C3) in Fig. 14, it can be seen for
both acidic pH 1.5, 2 and neutral 7 solutions, the immune region is higher than for basic
solution. At higher potentials for pH 1.5 and 2, Cr7C3 forms Cr2+ followed by Cr3+ and
HCrO4-. At higher potentials for pH 7, Cr7C3 forms Cr2O3 followed by CrO42-. The rest
potentials measured for the hardfacing alloys at pH 1.5 and 2 lie in the Cr3+ corrosion
region, whereas RP measured at pH 7 NaCl and buffer solutions lies in the Cr2O3 passive
region. That’s why due to Cr2O3 passive region, initial stage of alloy 2 potentiodynamic
curve of pH 7 buffer solution in Fig. 10 shows passive behaviour. For samples in solutions
of pH 1.5 and 2, the RP lies in Cr3+ corrosion region, initial stage of HCWI samples
showed active behaviour as shown in Figs. 4 and 6. There is a sort of galvanic effect
described in the previous section due to presence of Fe in carbides and eutectic austenite.
It would be useful to superimpose the Fe Pourbaix diagram [42] with Pourbaix diagram
of Cr7C3 as shown in Fig. 15.

103

____________________________________________________________________CHAPTER 5

Fig. 14: Pourbaix diagram of Cr7C3 in pH 1.5, 2 and 7 with anodic potentials of HCWI
[27].

Fig. 15: Pourbaix diagram of Cr7C3 - Fe in pH 1.5, 2 and 7 with anodic potentials of
HCWI [27, 42].
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In the superimposed Pourbaix diagram of Cr7C3 with Fe in Fig. 15 also shows at pH 1.5
starts from RP till FP, the potentials lie in the corrosion regions of iron (Fe2+, Fe3+ and
FeO42-) and chromium. As a result of corrosion region of iron and chromium in Fig. 15,
potentiodynamic curve of HCWI at pH 1.5 in Fig. 4 shows only active behavior. Thus,
the higher amount of Fe in eutectic martensitic matrix as given in Table 4, was not stable
at pH 1.5 forms active potential which leads to dissolution of eutectic martensitic matrix
in preference to carbides as shown in Fig. 5. At pH 2, HCWI lies in the corrosion regions
of chromium carbide, but due to the presence of passive region Fe2O3 from points 1-2, the
potentiodynamic curve shows slight passive behaviour. The formation of passive film
Fe2O3 in eutectic austenite matrix attains noble potential than carbides, which protects
matrix from corrosion at pH 2 as shown in Fig. 7. However, in pH 2 solution corrosion in
eutectic carbides rather than primary carbides occurred probably due to eutectic carbides
generally being Cr23C6 carbides where the primary carbides are Cr7C3 [15, 33-38]. The
stability of Cr23C6 eutectic carbides was less stable than Cr7C3 primary carbides as
described in the literature [27] of Pourbaix diagrams of chromium carbides. The HCWI
potentiodynamic curve of pH 7 buffer solution in Fig. 10 shows passive behaviour from
RP till point 1, as their potentials are placed in the region of Fe2O3 in Fig. 15. However,
the potentials after point 1 till FP in pH 7 buffer solution show active behaviour. It is
found these potentials are located in the corrosion region of iron in Fig. 15. Thus the high
Fe eutectic austenite matrix attains noble potential in pH 7 buffer solution, due to the
formation of passive film on matrix which leads to dissolution of eutectic and primary
carbides as shown in Fig. 11.
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However, the results obtained for HCWI in pH 7 NaCl solution shows opposite behaviour
compared to pH 7 buffer solution. Eventhough the potentials of HCWI at pH 7 NaCl
solution lie in the passive regions of Cr2O3 and Fe2O3 in Fig15, but due to presence of
aggressive chloride ions in the electrolyte did not allow the eutectic martensitic matrix to
form passive layer. In that case, the eutectic martensitic matrix attains active potential and
starts to corrode in preference to carbides as shown in Fig. 9. So the results of pH 7 buffer
and NaCl solutions show that corrosion of HCWI depends not only on pH but also the
nature of electrolyte. The study conducted by Salasi et al. [23] of cast HCWI in alkaline
solution (pH 12) with inclusion of chloride ions found that corrosion of eutectic austenite
matrix happened mainly due to localized breakdown of passive layer. The same eutectic
austenite matrix in alkaline solution was found to be relatively uncorroded resulting in the
corrosion of carbides [23, 41].
The superimposed Pourbaix diagram of Cr7C3 with niobium carbide (NbC) in Fig. 16
shows the immune region of NbC is larger than Cr7C3 immune region. The RP of pH 2 is
located in the immune region, whereas RP for pH 7 buffer solution is located in the passive
region of NbO. The higher potentials till FP of pH 2 and pH 7 buffer solution are placed
in the passive region NbO. This is the reason why in the alloy 2 microstructure of Fig. 7
and Fig. 11 of samples in pH 2 and pH 7 buffer solutions after potentiodynamic tests
showed NbC to be protected from severe corrosion even at FP. The study conducted by
Arsova et al. [43] also confirmed that stable NbO passive film was detected through
Raman spectroscopy in H2SO4 solution.
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Fig. 16: Pourbaix diagram of Cr7C3 - NbC in pH 1.5, 2 and 7 with anodic potentials of
HCWI [27, 28].

The development of superimposed Pourbaix diagram show that formation of passive layer
of eutectic austenitic or martensitic matrix plays a significant role in corrosion of HCWI
hardfacing alloys. The findings of Kim et al. [44] on passive films of AISI 316 stainless
steel in acidic HCl and NaCl solutions show that densities (thickness) of passive film is
lower for NaCl solution than in acidic solution. The effect of chloride ions may affect the
density of the passive film. The study conducted by Landolt et al. [45] for analyzing the
effects of chloride ion in passive film of Fe-Cr alloys showed that chloride ions were
incorporated only at the time of growth of passive films. However, the chloride ions had
no effect on the passive films which had already formed. The findings from Dobbelaar et
al. [46] of Fe-Cr alloys in 0.5M H2SO4 showed that the contribution of iron in forming a
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passive layer at higher potential decreases the porosity of the passive film. The study [47]
conducted for Fe-25Cr alloy in 0.1 M H2SO4+0.4M Na2SO4 and 0.1M NaOH solutions
show that there is mass loss in acidic solution. This shows that passive layer was not stable
which leads to dissolution of alloys in the given solution.
The dissolution of either matrix or carbides in acid and neutral environments will have an
effect of using HCWI hardfacing alloys for wear resistance. The matrix dissolution may
lead to removal of carbides due to abrasive particles. Also the formation of passive layer
Cr2O3 in chromium carbides can happen only when Cr7C3 dissociates to form Cr2O3 and
carbon dioxides. However, the passive layer on either matrix or carbides, as seen through
superimposed Pourbaix diagram of carbides [27, 28, 42], can be removed continuously
through erosion-corrosion mechanism, which leads to severe material loss of HCWI
hardfacing alloys. The only way to control the material loss due to erosion and corrosion
by placing the HCWI hardfacing alloys in the immune region of the Pourbaix diagram.
This can be done by cathodic protection of hardfacing alloys. Work is underway in this
laboratory on conducting experiments for HCWI in different pH by placing at cathodic
potentials and also introducing nitrogen during welding process. Nitrogen into the
hardfacing alloys can form nitrides, carbo-nitrides or simply nitrogen as an alloying
element. Nitrogen has been added in stainless steel to improve corrosion resistance [48,
49].
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5.

Conclusions

In this study, HCWI alloys were deposited on low carbon steel to investigate the behaviour
of hardfacing overlays in acid and neutral solutions. The following conclusions were
drawn from this study.
1. In acidic solution, at pH 1.5 the preferential corrosion occurs on eutectic austenite
or martensite matrix, whereas at pH 2 the preferential corrosion happens on
eutectic carbides for all the HCWI samples at higher potentials.
2. In neutral solutions, at pH=7, the preferential corrosion occurs at matrix in 2M
NaCl solution, whereas the carbides get corroded with preference to matrix in the
buffer solution.
3. The corrosion mechanism for the HCWI in both acid and neutral solution was
galvanic. The uncorroded matrix or carbides attain noble potential act as a cathode
and the corroded matrix or carbides attain active potential which act as an anode.
4. The addition of chloride ions in neutral solution alters the potential difference
between carbides and matrix.
5. Pourbaix diagrams were very useful in explaining the corrosion trend of the
hardfacing alloys.
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CHAPTER 6
Summary and Recommendations for future work
1.

Summary

Based on the research conducted in Chapters 2-5, the following general conclusions are
summarized:


Chapter 2
The Pourbaix diagrams were constructed for hardfacing alloys based on three
chromium carbides: Cr7C3, Cr23C6 and Cr3C2 at 298 K (25 °C) with a
concentration of 10−6 M of aqueous species. The Pourbaix diagrams suggested that
usefulness of chromium carbides in HCWI hardfacing alloys mainly lies in the
immune region. When the Pourbaix diagram of chromium carbides shows a
passive region of Cr2O3, the chromium carbide will have to dissociate in order to
form Cr2O3 and this will likely affect the corrosion behaviour. The
Cr3C2 chromium carbide has the largest immune region followed by Cr7C3 and
Cr23C6. For all the three chromium carbides, the cannot corrode (immune) region
is higher at low pH and gradually lower at higher pH level. The passivity of
chromium carbides needs to be studied further under erosion-corrosion condition.



Chapter 3
The Pourbaix diagrams were constructed for titanium, niobium and tungsten
carbides at 298K (25oC) with a concentration of 10−6 M of aqueous species. The
Pourbaix diagrams suggested that usefulness of titanium, niobium and tungsten
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carbides in HCWI hardfacing alloys mainly lies in the immune region. Once the
potential is crossed beyond the immune region, the dissociation of carbides may
take place by affecting the wear resistance of hardfacing alloys. The Pourbaix
diagrams of strong carbide forming elements showed tungsten carbide WC had
the largest immune region followed by niobium carbide NbC, tungsten carbide
W2C and titanium carbide TiC. For titanium carbide (TiC), niobium carbide (NbC)
and tungsten carbides (W2C and WC) immune regions are higher at low pH and
lower at higher pH level. The immune regions for niobium and tungsten carbides
were found to be higher than that of chromium and titanium carbides. Hence, there
could be a benefit from adding niobium on to the hardfacing alloys. The passivity
of the carbides would again result in the dissociation of carbides.
 Chapter 4
The typical HCWI hardfacing alloys were investigated for their corrosion
behaviour in an alkaline solution. The microstructure of HCWI consists of primary
carbides, eutectic carbides and eutectic austenitic/martensitic matrix. The results
showed that corrosion of HCWI alloys in alkaline solution occurred in carbides.
The eutectic austenite matrix seems to be protected at higher potentials.
Investigation of separate carbides and eutectic austenite matrix showed that
corrosion occurs mainly due to potential difference, where carbides act as an anode
and eutectic austenite matrix act as a cathode. The superimposed Pourbaix diagram
of chromium carbides reveals that presence of higher amount of iron content in
eutectic austenite matrix stops extensive corrosion by forming stable passive layer
Fe2O3. The Pourbaix diagram analysis showed that it may be worthwhile to
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investigate if cathodic potentials can reduce erosion-corrosion loss in hardfacing
alloys.
 Chapter 5
The corrosion behaviour of typical HCWI hardfacing overlays were investigated
in acidic (pH 1.5 and 2) and neutral (pH 7 NaCl and buffer) solutions. The results
showed that in pH 1.5 and pH 7 (NaCl) solutions, preferential corrosion occurred
in eutectic martensitic matrix in preference to carbides. In pH 2 the corrosion
occurred at eutectic carbides and in pH 7 buffer solution, corrosion happened in
both eutectic and primary carbides at higher potential (2 volts) in preference to
eutectic austenite matrix. The investigation done on extraction of carbide and
matrix samples showed that corrosion occurs due to potential difference of
carbides and eutectic austenite/martensite matrix. Pourbaix diagrams of chromium
carbides were able to explain the results from the anodic polarisation techniques.
The Pourbaix diagram of niobium carbide also revealed that NbC was protected
due to formation of passive layer NbO in pH 2 and pH 7 buffer solutions. The
dissolution of either matrix or carbides in acid and neutral environments will have
an effect of using HCWI hardfacing alloys for wear resistance. The matrix
dissolution may lead to removal of carbides due to exposure of abrasive particles.
The only way to control the dissolution of HCWI hardfacing alloys can be done
by cathodic protection of hardfacing alloys.
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2.

Recommendations for future work

The following future studies on corrosion behaviour of HCWI hardfacing alloys for
acid, neutral and alkaline environments could be suggested as follows:


The tests need to be conducted for HCWI at high temperatures in different pH
solutions and analysing the corrosion behaviour with Pourbaix diagram of
chromium carbides at high temperatures.



Addition of nitrogen in HCWI hardfacing alloys on improvement of corrosion
resistance needs to be investigated, by conducting experiments at different pH
solutions. Pourbaix diagrams of nitrides and carbo-nitrides for both room and high
temperatures need to be developed.



Investigations need to be done for the presence and effect of passive film
formation of HCWI at various potentials of potentiodynamic curve in different pH
solutions. This will help us understand the effect of passive films on erosioncorrosion behaviour.



The cathodic protection of HCWI needs to be investigated by conducting
experiments at different pH solutions. This will allow us to ensure that corrosion
does not play a part when both erosive and corrosive conditions are present.
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