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Abstract

Slurry erosion is a destructive process encountered in oil and gas transmission
pipelines. During transportation, the inner surface of pipelines are exposed to flowing
abrasive liquid which causes slurry erosion. Complex mechanism and progressive
nature of this problem create augmented challenges to pipeline economy and
operation. Oil and gas industries spend millions of dollars to deal with the problems
caused by wet erosion. Material integrity and degradation rate are key factors in the
long-term performance of oil and gas pipeline networks. This research focuses on
understanding the degradation processes of pipeline steels caused by the slurry
erosion. The effects of slurry velocity and abrasive concentrations on erosion rate and
mechanisms are identified and discussed in details. The present research also

correlates the slurry erosion response of steel to its microstructure.
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Chapter 1

Introduction

Oil and gas are foremost sources used to meet the increasing demand of energy in
recent years. Hydro transportation is the most economical and flexible way to
transport oil and gas from production sites to the consumer and can last for several
decades with minimal maintenance. Pipeline transportation is also the most used
mode to carry petroleum products to refineries and consumers. North America, has
approximately 500,000 miles of transmission pipeline network for the transportation
of oil and natural gas with 2 million miles of inter-city natural gas distribution
pipelines [1], [2]. Figure 1-1 shows the relative transportation mode used in USA to
carry oil and petroleum based products [3]. Recent data presents that 120 countries
use slightly less than 3.5 million km of transportation pipeline while 75% of pipelines

are used in USA, Russia and Canada [4].

Rail
Truclgs% 26

Total Oil Transport:
6,400 Billion Barrel Miles

Water
Carriers
‘ Pipelines

Figure 1-1 Relative transportation mode of domestic shipments of oil and
petroleum products in USA [3].



Pipelines provide enormous economic facility. Pipelines are more cost effective
compared to other alternative transportation options such as: tanker trucks and rail
roads. Also, the required energy to operate transportation pipelines is significantly
lower than trucks or rail roads. In addition, pipelines have a lower carbon footprint,
less spill rate per barrel and produce negligible environmental pollution.
Furthermore, pipelines are mostly buried underground, which provide a safer
passage for transportation. Table 1 shows the incident rates for different
transportation modes where it is evident that the majority of the incidents occur in

roads and rails.

Table 1-1 Petroleum and natural-gas incident rates: pipelines vs road and
railway (2005-2009) [5].

Avg. billion ton- Avg. incidents Incidents per
Mode ; — .
miles per year per year billion ton-miles
Road 34.8 695.2 19.95
Railway 23.9 49.6 2.08
Petroleum pipeline 584.1 339.6 0.58
Natural gas pipeline 338.5 299.2 0.89

Low carbon steels and high strength low alloy steels (HSLA) are extensively used in
the production of pipelines. HSLA steels, such as, API X-series steels [6] are most
utilized in oil and gas transportation pipelines. During oil and gas transmission,
pipelines are subjected to enormous pressure. Thus, pipeline materials have to
possess high strength, toughness and optimized geometry in order to transmit oil and
gas without failure [7]. API X-series steels offer high strength, good weldability and

low price to strength ratio which make them suitable option for pipeline industries.

The historical development of HSLA steels is illustrated in Figure 1-2 [8]. In early
seventies, thermomechanical rolling was introduced replacing hot rolling and
normalizing. The latter process enables materials up to API X70 (480 MPa) to be

produced from steels that are micro-alloyed with niobium and vanadium with reduced

2



carbon content. An improved processing method, consisting of thermo-mechanical
rolling with subsequent accelerated cooling, has emerged in the eighties. Introducing
this new method result in development of high-strength steels with reducing carbon
content (excellent field weldability). API X80 is the example of this new high strength
steel. Accordingly, addition of alloying elements such as: Mo, Cu and Ni along with
thermo-mechanical rolling with modified accelerated cooling raise the strength way
higher and results in new steel grades API X100 and API X120.. In recent years, API
X70 and API X80 are the most used steel grades employed in to long distance
pipelines whereas API X100 and API X120 steels are being extensively evaluated [9].
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Figure 1-2 Historical development of API X-series pipeline steels [8].

However, one major drawback of carbon steels and API X-series steels is their
susceptibility to erosion degradation. The co-existence of three phases: carrier liquid
(oil), hard solid particles (abrasive particles) and material surface (pipeline inner
surface) are responsible for slurry erosion in pipelines [10]. Despite pipelines good
safety record, this complex mode of failure reduces the pipe wall thickness [11] and
shortens the life span of pipelines. This causes irreversible damage to life and
environment [12], [13]. It also causes damage to power plants, heater drain pipings,

feedwater lines, etc. Erosion damage has been recognized as a potential safety issue



after the pipe rupture incident at Surry Power station in December 1986 [14]. In
addition, some other incidents of pipe wall thinning is summarized in Table 1-2 [14].
The erosion-corrosion damage-related cost to the global transmission pipeline
industry is approximately $50 billion annually. Hence, slurry erosion has received

significant attention among researchers in recent years.

Table 1-2 Petroleum and natural-gas incident rates: pipelines vs road and
railway (2005-2009) [14].
Plant Year Description Reference
Oconee 3 1976 Extraction line pinhole leak NRC IN 82-22
Oconee 3 1980 Replace erosion/corrosion thinned elbow NRC IN 82-22
Browns Ferry 1 1982 Failure of 8-inch discharge line on the MSR  INPO Significant
drain pump Event Report (SER)
41-82
Oconee 2 1983 Failure of a 3- to 10-inch expander downstream @ INPO SER 23-85
of a reheater drain tank
Calvert Cliffs 1 1984 Rupture of a 16-inch elbow in a branch line INPO LER 88-84
from a cold reheat steam line
Haddam Neck 1985 Pipe rupture downstream of a feedwater heater INPO Licensee Event
Report (LER) 305-
85006
Kewaunee 1985 Rupture of a 2-inch excess steam vent line from INPO LER 305-85017
a MSR
Hatch 2 1986 Rupture of a 20- to 16-inch reducer in an INPO LER 366-86010
extraction steam line
Ginna 1986 Failure of a 6-inch elbow of a moisture INPO LER 244-86004

separator reheater drain line



1.1 Objectives

In order to mitigate slurry erosion in practice, a fundamental understanding of the
erosion behavior of carbon and low alloy steels is necessary to develop strategies for
combating degradation and prolonging the life of the steel pipe. However, slurry
erosion mechanism is a complex phenomenon and i1s not well understood.
Furthermore, erosion mechanisms are greatly influenced by several environmental
factors. Studying a single variable even in a laboratory scale is a challenging task as
all these factors are closely intertwined. The present study examines the slurry
erosion behavior of AISI 1018, AISI 1080, API X42, API X70, API X80, API X100 and
API X120 steels under different environmental conditions. The research provides a
comprehensive and a systematic investigation on the effect of slurry velocity and
slurry concentration on erosion behavior of steel. In addition, the study also correlates
the erosion response to the steel microstructure. This information provides engineers
and designers with the necessary data to make appropriate material selection

decisions under different operating conditions.

Slurry erosion is responsible for major failures in oil and gas transmission pipelines
and affects many industries, including pipelines, pumps, turbines, offshore
structures, etc. The current study generates new knowledge governing materials
behavior under erosion attack. The work is expected to create interest from pipeline
engineers, designers and pipeline industries. The specific objectives of the research

are summarized as follows:

1. Investigate the effect of slurry velocity on erosion of carbon and API X-series

steels.

2. Investigate the effect of slurry concentration on erosion behavior of carbon and

low alloy steels.

3. Investigate the effect of microstructure on erosion behavior of carbon steel.



4. Study dominant erosion mechanisms under different environmental

conditions.

5. Study the eroded surface profile to analyze the nature of the erosion scar.

1.2 Thesis Outline

This thesis is presented in 5 chapters. The contents of this thesis are arranged in the

following sequence:

Chapter 2 presents a review of background information on classification of steels and
development of high strength low alloy steel (HSLA). Also, the basic theory and up-

to-date literature review on the subject of slurry erosion is discussed here.

Chapter 3 presents the characterization of test specimens (physical and chemical

properties) and experimental methods employed in this research.
Chapters 4 discusses the experimental results obtained in this study.

Chapter 5 summarizes the conclusion of the research, contributions and

recommendations for future work.



Chapter 2

Literature Review

In this chapter, extensive literature review on high strength low alloy steel and

erosion of steel is presented.

2.1 Classification of Steel

Steel Standards, which provide guidance and specification on technical delivery
conditions for a range of steel products, are based on differing criteria such as
manufacturing method (Bessemer steel, open-hearth steel, electric-furnace steel,
crucible steel, etc.), final use (machine steel, spring steel, boiler steel, structural steel
or tool steel), mechanical properties/ hardenability etc. Among all these steel
standards from different countries, the majority of standards are defined in terms of
the chemical composition by what the approximate content of the important elements
in the steel is indicated. For an experienced engineer, the composition indicates a
heat treatment that can be given to the steel and the corresponding mechanical

properties obtainable.

Based upon their chemical composition and physical properties, steel grades have

been developed by a number of standards organizations.

1. American Iron and Steel Institute (AISI) and Society of Automotive Engineers

(SAE) steel grades

2. British Standards



3. International Organization for Standardization (ISO standard)
4. Unified numbering system (UNS)

5. ASTM International

6. Society of Automotive Engineers (SAE).

7. Japanese steel grades (JIS standard)

8. Germany steel grades (DIN standard)

9. China steel grades (GB standard)

2.1.1 Steel grades and standards

2.1.1.1 AISI and SAE Steel Grades

This steel specification represents the results of the cooperative effort of the American
Iron and Steel Institute (AISI) and Society of Automotive Engineers (SAE) in a
simplification program aimed at greater efficiency in meeting the steel needs of

American industry.

The first digit of the four or five numerical designation indicates the type of steel.
Thus 1 indicates carbon steel, 2 for nickel steel, 3 for nickel-chromium steel, etc. In
the case of simple alloy steels; the second digit indicates the approximate percentage
of the predominant alloying element. The last two or three digits usually indicate the
mean carbon content divided by 100. Consequently, the symbol 2520 indicates a

nickel steel of approximately 5 percent nickel and 0.20 percent carbon.

In addition to the numerals, AISI specifications may include a letter prefix to indicate
the manufacturing process employed in producing the steel. The prefix "C" denoted
open-hearth furnace or basic oxygen furnace and "E" denotes electric arc furnace

steel. SAE specifications now employ the same four-digit numerical designations as

9



the AISI specifications with the elimination of all letter prefixes. An "H" suffix can be
added to any designation to denote hardenability is a major requirement. The
chemical requirements are loosened, but hardness values defined for various

distances on a Jominy test.

Table 2-1 SAE designation for carbon and alloy steel [15]-[17].
SAE Designation Type
1xxx Carbon steels
2XXX Nickel steels
3XXX Nickel-chromium steels
4xXXX Molybdenum steels
5xxx Chromium steels
6xXXX Chromium-vanadium steels
TXXX Tungsten steels
8xxx Nickel-chromium-vanadium steels
9xXxXX Silicon-manganese steels
Table 2-2 SAE designation for stainless steel [18]-[21].
SAE Designation Type
100 Series Austenitic chromium-nickel-manganese alloys
200 Series Austenitic chromium-nickel-manganese alloys
300 Series Austenitic chromium-nickel alloys
400 Series Ferritic and martensitic chromium alloys
500 Series Heat-resisting chromium alloys
600 Series Martensitic precipitation hardening alloys

10



Table 2-3 AISI designation of steel [22].

AISI Designation Type

10xx Basic open-hearth and acid Bessemer carbon
steel

11xx Basic open-hearth and acid Bessemer carbon
steel, high S, low P

12xx Basic open-hearth carbon steels, high S, high
P

13xx Manganese 1.75

23xx Nickel 3.50

31xx Nickel 1.25, Chromium 0.60

40xx Molybdenum 0.20 or 0.25

41xx Chromium 0.50, 0.80, Molybdenum 0.20 or
0.35

44xx Molybdenum 0.53

48xx Nickel 3.50, Molybdenum 0.25

50xx Chromium 0.40

61xx Chromium 0.60, Vanadium 0.13

86xx Nickel 0.55, Chromium 0.50, Molybdenum
0.20

92xx Silicon 2.00

93xx Nickel 3.25, Chromium 1.20, Molybdenum
0.12

98xx Nickel 1.00, Chromium 0.80, Molybdenum
0.25

2.1.1.2 Standards for Steels

The International Organization for Standardization, widely known as ISO, is an
international standard-setting body composed of representatives from various
national standards organizations. As for example, ISO 65:1981 is for carbon steel

tubes suitable for screwing applications in accordance with ISO 7-1, ISO 657 are used
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for hot-rolled steel sections [23]-[25]. ISO 898 is used for fasteners made of carbon
steel and alloy steel, ISO 2852 is used for stainless steel clamp pipe couplings for the
food-industry[26]-[28]. ISO 8501 is used for preparation of steel substrates before
application of paints and related products — visual assessment of surface cleanliness

and ISO 3506 is used for of corrosion-resistant stainless steel fasteners [29]-[31].

The unified numbering system (UNS) is an alloy designation system widely accepted
in North America. It consists of a prefix letter and five digits designating a material
composition. A prefix of S indicates stainless steel alloys, C for copper, brass, or
bronze alloys, T for tool steels, etc. The UNS is managed jointly by the ASTM
International and SAE International. A UNS number alone does not constitute a full
material specification because it establishes no requirements for material properties,
heat treatment or quality. ASTM steel standards are instrumental in classifying,
evaluating and specifying the material, chemical, mechanical and metallurgical
properties of the different types of steels, which are primarily used in the production
of mechanical components, industrial parts and construction elements, as well as,
other accessories related to them. The steels can be of the carbon, structural,
stainless, ferritic, austenitic and alloy types. These steel standards are helpful in
guiding metallurgical laboratories and refineries, product manufacturers and other
end-users of steel and its variants in their proper processing and application

procedures to ensure quality towards a safe use.

British Standards produced by BSI Group is incorporated under a Royal Charter
which is formally designated as the National Standards Body (NSB) for the UK. The
standards produced are titled British Standard XXXX [-Pl:YYYY, where XXXX
stands for the number of the standard, P stands for the number of the part of the
standard (where the standard is split into multiple parts), and YYYY stands for the
year in which the standard came into effect. The standard simply provides a
shorthand way of claiming that certain specifications are met. And it encouraged
manufacturers to adhere to a common method for such a specification. As for example,

BS 5400- 5:2005 steel is the code for the design of composite bridges [22].
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JIS standards developed by the Japanese Industrial Standards Committee (JISC)
begin with the prefix JIS, followed by a letter G for carbon and low-alloy steels.
Examples: JIS G3445 STKM11A is a low-carbon tube steel containing 0.12%C,
0.35%8S1, 0.60%Mn, 0.04%P, 0.04%S; JIS G4403 SKH2 (AISI T1Grade) is a tungsten
high-speed tool steel containing 0.73-0.83%C, 3.8-4.5%Cr, 0.4%Mn, 0.4%Si1, 0.8-
1.2%V and 17-19%W [22].

German steel specifications often start with the letters DIN and followed by an
alphanumeric or a numeric code. Examples: DIN 40NiCrMo66 or 1.6565 is a Ni-Cr-
Mo steel that contains 0.35-0.45%C, 0.9-1.4%Cr, 0.5-0.7%Mn, 0.2-0.3%Mo, 1.4-
1.7%N1i, 0.035%S; DIN 17200 1.1149 or DIN 17200 Cm22 is a non-resulfurized carbon
steel containing 0.17-0.245C, 0.3-0.6%Mn, 0.02-0.035% S and 0.4% max Si [22].

However, steels can also be classified by the broad range of carbon content, such as,
low-carbon steels contain up to 0.30% C. The largest category of this class of steel is
cold-rolled and annealed flat products (sheet or strip). These high-formability steels
usually have a very low content of carbon, less than 0.10% C, and up to 0.4% Mn.

Typical uses are in automobile body panels, tin plate, and wire products.

The carbon content of rolled steel structural plates and sections may be increased to
approximately 0.30%, with higher manganese content up to 1.5%. These materials

are generally used for stampings, forgings, seamless tubes, and boiler plate.

Medium-carbon steel with 0.30 to 0.60% carbon and 0.60 to 1.65% manganese is
utilized for shafts, axles, gears, crankshafts, couplings and forgings. Steel in a range
of 0.40 to 0.60% carbon are also used for rails, railway wheels and rail axles, since
the increase of carbon content to approximately 0.5% with an accompanying increase
in manganese allows medium carbon steels to be used in the quenched and tempered

condition.

High-carbon steels contain 0.60 to 1.00% carbon and 0.30 to 0.90% manganese. High-

carbon steel is typically used for spring materials and high-strength wires.
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Experimental steels containing 1.25 to 2.0% carbon is called ultrahigh-carbon steel.
These thermo-mechanically processed steels are famous for their microstructures
that consist of ultrafine, equiaxed grains of spherical, discontinuous pro-eutectoid

carbide particles.

2.1.2 High Strength Low Alloy Steel (HSLA)

High-strength low-alloy steels (HSLA) are type of alloy steels that provides better
mechanical properties or greater resistance to erosion and corrosion than carbon
steels. HSLA steels vary from other steels in the way that they are not made to meet
a specific chemical composition but rather to specific mechanical properties. They
have a carbon content between 0.05-0.25% to retain formability and weldability.
Other alloying elements include up to 2.0% manganese and small quantities of
copper, nickel, niobium, nitrogen, vanadium, chromium, molybdenum, titanium,
calcium, rare-earth elements, or zirconium [32]—[37]. Copper, titanium, vanadium,
and niobium are added for strengthening purposes. These elements are intended to
alter the microstructure of carbon steels, which is usually a ferrite-pearlite aggregate.
Addition of these alloying elements produce a very fine dispersion of alloy carbides in
an almost pure ferrite matrix. High-strength steels possess highly refined grain and
high cleanliness. They are characterized by low sulphur content and reduced amount
of detrimental second phases such as oxides, inclusions and pearlite [38]-[40]. This
eliminates the toughness-reducing effect of a pearlitic volume fraction yet maintains
and increases the material strength by refining the grain size. Hence, the yield
strength of ferrite increases by 50% for every halving of the mean grain diameter.
Precipitation strengthening plays a minor role. Their yield strengths can be
anywhere between 250-590 MPa (36,000—86,000 psi). Because of their higher
strength and toughness HSLA steels usually require 25 to 30% more power to form,
as compared to carbon steels. Table 2-4 shows the major alloying elements and their

effect on HSLA steels.
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Table 2-4 Major HSLA steel categories [41].

Type Alloying Elements/Phases Desired Properties
. Atmospheric corrosion resistance
Weathering steel Cu, P and solid solution strengthening
Microalloyed T i
ferrite_pearlite Nb, V, Ti Prec1p1tat19n str_engthemng and
grain refinement
steels
As-rolled pearlitic C. Mn Enhanced strength, toughness,
steel ’ formability and weldability
Accicular ferrite Low carbon bainite Enhanced strength, toughness,
steel formability and weldability

Martensite dispersed in ~ Combination of ductility and high

Dual-phase steel ferritic matrix tensile strength

Inclusion-shape
controlled steel

Ductility and through-thickness

Ca, Zr/T1 toughness

2.1.2.1 HSLA Steel Categories

High strength low alloy steels are manufactured in order to provide specific desirable
combinations of properties such as toughness, formability, weldability and
atmospheric corrosion resistance. Hence, HSLA steels include many grades and
standards designed to meet the precise set of properties for specific operations.
However it is interesting to note that, HSLA steels are not considered as alloy steel
considering the presence of small amount of alloying element. Instead, they are
considered as special category steels which includes special processing techniques
such as controlled rolling and accelerated cooling method. Copper, silicon, nickel,
chromium, and phosphorus are added to increase corrosion resistance. Zirconium,
calcium, and rare-earth elements are added for sulfide-inclusion shape control, which
increases formability. These are needed because most HSLA steels have directionally
sensitive properties. Formability and impact strength can vary significantly when

tested longitudinally and transversely to the grain. Bends that are parallel to the

15



longitudinal grain are more likely to crack around the outer edge because it
experiences tensile loads. This directional characteristic is substantially reduced in
HSLA steels that have been treated for sulfide shape control and usually 20 to 30%
lighter than a carbon steel with the same strength [39]. The main categories of HSLA

steels are as follows:

2.1.2.2 API 5L Steels

The American Petroleum Institute (API) is a leader in the development of petroleum
and petrochemical equipment. API operates standards covering topics that range
from drill bits to environmental protection. Many of these standards are adopted by
ISO for worldwide acceptance. In the last 30 years, large demands have been placed
on the pipe manufacturer with respect to the development and the processing of
materials to pipe-line. Generally, longitudinally welded large-diameter pipe-line is
used for the transportation of oil and gas, because it offers the highest safety in
pipeline operation and represents the most economical solution. From the point of
view of pipeline economy, the pipe must favorably respond to lay in the field and
permit high operating pressures for the pipelines. These requirements imply that the
pipeline steel has to possess high strength and toughness and that the pipe shall have
optimized geometry. Figure 2-1 presents the manufacturing flow diagram of API 5L

steel pipeline.
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Figure 2-1 Manufacturing flow diagram of API 5L pipeline.

API 5L series 1s a specification providing standards for pipe suitable for use in
conveying gas, water, and oil in both the oil and natural-gas industries. This
specification covers seamless and welded steel line pipe. As for example, API 5L X-42
referred to pipeline steel having the yield strength of 42 Ksi produced from steels,
and it is micro-alloyed with niobium, vanadium and a reduced carbon content. An
improved processing method, which emerged in the eighties, consisted of thermo-
mechanical rolling with subsequent accelerated cooling. It is possible to produce
higher strength materials like API 5L X-80 (80 Ksi). It has a further reduced carbon
content and thereby excellent field weldability by this method. Additions of
molybdenum, copper and nickel enable the strength level to be raised to that of grade
X-100 (100 Ksi), when the steel is processed by thermo-mechanical rolling along with
modified accelerated cooling. The most important three factors govern the property
of HSLA are microstructure, alloying element and thermo-mechanical treatment [42].
Chemical composition and mechanical property of API 5L series steel are given in

Table 2-5.

17



Microstructural features such as dislocation, grain boundaries and precipitation
influence the mechanical properties of steels. However, it has to be specifically
designed for specific conditions [43]-[45]. The most modern line pipe steels have
different and complex microstructural arrangements depending on their chemical
compositions and processing routes. In low alloy steels, they develop during
transformation of the austenite phase during cooling, and the development depends

on the cooling rate and cooling stop temperature.

Figure 2-2 shows, how the combination of the various types of microstructures
contributes to increase the mechanical strength and toughness of steels starting from
normalized X-60 grade [46]. Typically, the steel contains about 0.2% carbon, 1.55%
manganese, 0.12% vanadium, 0.03% niobium, and 0.02% nitrogen. The X-70 steel
mentioned in the figure was thermo-mechanically processed, micro-alloyed and
contains only 0.12% carbon. Thermo-mechanical rolling causes a significant reduction
of the ferrite grain size. Strength and toughness properties can be improved
simultaneously only by grain refinement. The loss of strength resulting from reduced
pearlite contents can be offsetted by precipitation hardening and dislocation
hardening. Reduction of pearlite content, grain refining, dislocation hardening and
precipitation hardening contributed independently and in combination to the
development of X-70 steel with improved weldability and favorable ductile-brittle
transition temperatures. Furthermore, increase in strength and toughness, which led
to the development of X-80 steel, can only be attained by changing the microstructure
of the steel matrix from ferrite/pearlite to ferrite/bainite. In comparison with the
thermo-mechanically rolled X-70 steel, the X-80 steel has further reduced carbon

content, reduced grain size and increased dislocation density.
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Figure 2-2 Effect of microstructure on strength and toughness of HSLA steel
[46].

The micro-alloying of steels with the addition of small amounts of strong carbo-nitride
forming elements in conjunction with controlled rolling practices has achieved a great
improvement in their mechanical properties. The alloying elements improve the
mechanical properties through many factors, the most important of which are [47],

[48]:

1. Refinement of the ferrite grain size by the formation of a fine sub-grain

structure.

2. Strain induced precipitation of the carbides and nitrides of the strong carbide

and nitride forming elements.
3. Precipitation strengthening of the ferrite.

Titanium, niobium, vanadium are the most commonly used alloying elements to

precipitate as carbo-nitrides and induce the grain refinement in steels. Apart from
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these, other elements such as molybdenum, copper, nickel and aluminum are also

added to these steels to enhance mechanical properties [48].

Table 2-5

Element (wt%)
C (0.03-0.10)

Mn (1.6-2.0)

Si (up to 0.6)

Nb (0.03-0.06)

Ti (0.005-0.03)

Ni (0.2-1.0)

V (0.03-0.08)

Mo (0.2-0.6)

Major effects of alloying elements in high-strength low alloy steel
[49]-[51].

Effect and Reason for Addition
Matrix strengthening (by precipitation)

Delays austenite decomposition during Accelerated cooling (AcC)
Substitutional strengthening effect

Decreases ductile to brittle transition temperature

Indispensable to obtain a fine-grained lower bainite microstructure

Improvement in strength (solid solution)

Reduces temperature range in which recrystallization is possible
between rolling passes

Retards recrystallization and inhibit austenite grain growth
(improves strength and toughness by grain refinement)

Grain refinement by suppressing the coarsening of austenite grains
(TiN formation)

Strong ferrite strengthener

Fixes the free Ni (prevent detrimental effect of Ni on hardenability)

Improves the properties of low carbon steels without impairing field
weldability and low temperature toughness

In contrast to Mg and Mo, Ni tends to form less hardened
microstructural constituents detrimental to low temperature
toughness in the plate (increases fracture toughness)

Leads to precipitation strengthening during the tempering
treatment
Strong ferrite strengthener

Improves hardenability and thereby promotes the formation of the
desired lower bainite microstructure
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2.2 Erosion

Erosion is a mechanical wear process that gradually removes material by repeated
deformation and cutting actions caused by solid particle impingement [52]-[54]. Due
to geological formation, sand particles are common in earth crust. In oil and gas
industries, several actions such as: reduction in sediment consolidation and pore
pressure, increasing production rate and fluid viscosity, etc. can influence and trigger
sand production from oil and natural-gas wells. According to operational experiences,
it can be said that sand production is almost inevitable in oil and gas field. However,
the sand exclusion system is not widespread among operators due to lower production
rates. Erosion causes mechanical degradation of materials, as well as, enhance
corrosion rate. Therefore, erosion has become a major concern in oil and gas

production fields in recent years.

2.2.1 Solid Particle Erosion

Mass loss due to repeated impact of small solid particle on a material surface is called
solid particles erosion (SPE). Erosion is a severe problem in many engineering
systems such as: steam and jet turbines, pipelines and valves carrying particulate
matter and fluidized bed combustion (FBC) systems. Solid particle erosion is to be
expected whenever hard particles are entrained in a gas or liquid medium impinging
on a solid at any significant velocity (greater than 1 m/s, or 3.3 ft/s) [55]. The metal
surface undergoes surface roughening (depending on particle size and velocity;
roughening ranges from polishing to severe roughening) followed by thinning of
component of the system. Solid particle erosion can occur in a gaseous or liquid media

where particles can be accelerated or decelerated in both cases.
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2.2.2 Slurry Erosion

Material degradation process due to interaction of solid particles suspended in a
liquid media is known as slurry erosion [56]. In practical cases, fluid machineries
such as: hydroturbines, pipelines etc. are prone to slurry erosion followed by
destruction of nozzles, vanes, impellers, buckets, seals and other parts. Materials can
be removed either by cutting or sliding wear by impact of a sharp particle at a gazing
angle or deformation wear by impact resulting surface fracture and subsequent
removal. The common particle motion in the slurry includes sliding, rolling, and
saltation. Hence, both types of eroding processes are inherent in slurry erosion to
varying degrees. In oil and gas field, solid particles such as: sand particles, scale,
corrosion by products, etc. is suspended in liquid while transportation occurs through
the pipeline. As a result, slurry erosion has a severe impact, particularly in oil and

gas industries.

2.2.3 Erosion of Steel

Erosion is a material loss process that results from repeated impact of small, solid
particles. Though solid particle erosion is useful for some applications such as
sandblasting and high-speed abrasive water jet cutting, it is extremely detrimental
for many engineering equipment in practice such as: pipelines, steam and jet
turbines, valves carrying particulate matter and fluidized bed combustion (FBC)
systems, rocket engines, etc. [20], [57]-[62]. Thus, erosion has received significant
attention amongst researchers in recent years [63]-[75]. Much work has been
directed towards providing a fundamental understanding of this complex failure
mode by suggesting models and mechanisms that account for the experimental

erosion rates under specific operating conditions [76]—[84].

Low carbon steels and high strength low alloy steels (HSLA) are common in oil and
gas industries. However, their poor erosion resistance dampens their performance

under practical operating conditions [79], [85]-[90]. Many researchers proposed
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models to explain this complex degradation mode under specific environmental
conditions [91]-[94]. Though, a comprehensive view of erosion modes and

mechanisms under a wide range of operating conditions is lacking.

2.2.4 Factors Affecting Slurry Erosion

Slurry erosion is a time dependent process and is influenced by numerous
environmental factors. Several factors have been identified by researchers that
influence erosion rate, such as, impacting particle properties (density, hardness, size
and shape), target material properties (hardness, ductility and microstructure) and
particle flux [73], [84], [95]-[99]. Clark [100] suggested five important factors that
influence the erosion rate significantly. They are: 1) slurry concentration, 2) flow
speed, 3) impact angle, 4) particle size and 5) particle shape. In addition, nature of
suspended liquid, flow characteristics and target material properties considerably
affects the erosion rate [100]. However, studying a single variable even in a laboratory
scale is a challenging task as all these factors are closely intertwined [72]. As a result,
researchers have endeavored to develop a relation between erosion rate and affecting

factors [101][102]. Thus, slurry erosion can be presented by following equation [81]:
E, = K,VBd"C®f(a) Equation 2-1

where, Ey= erosion rate, V= slurry velocity, d= particle size, C= slurry concentration,
K, a, B, y and @ are constants. These constants are closely dependent on abrasive
particle and target material properties. Extensive research work has been carried out
to identify the effect of these factors on slurry erosion behavior of materials [73], [83],

[103]-[108].

2.2.4.1 Effect of Slurry Concentration

Slurry concentration significantly influences the erosion behavior of materials and

has received the attention of many researchers [72], [79], [101]. Based on previous
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studies, it was established that erosion rate increases with increasing slurry
concentration [63], [109]-[111]. Higher particle concentration causes more particle-
material surface interactions, which leads to rapid erosion rate [110]. However,
particle-particle interaction also plays a significant role at higher slurry
concentration. At higher slurry concentration, abrasive particles of incoming slurry
collides with each other and also with the backscattered particles (rebound effect).
Such collision effectively reduces the velocity and alters the impact angle of the
forthcoming particles. This phenomenon is referred as “cushioning effect” and the
effect increases gradually with increasing slurry concentration [109]. Clark [72]
suggested that, the particle-particle interaction is significant when slurry
concentration goes above 5 wt.% for sand-water suspension. Rapid increase in
collision between backscattered and forthcoming particles influences the erosion rate
and mechanisms. Accordingly, it was reported that this interaction is insignificant if
the concentration is less than 0.25 wt.% [71]. |. Furthermore, it is reported that a
protective layer may develop on the target material surface during slurry flow due to
embedded particles [72]. These layers of particles protect the material surface from
direct impact by incoming particles. At high slurry concentration, only a fraction of
particles strike the material surface [112]. Hence, most erosion results show a non-
linear upward trend with increasing slurry concentration. It was also reported that,
after a critical value, increasing slurry concentration does not significantly influence

the erosion behavior of materials [112], [113].

2.2.4.2 Effect of Slurry Velocity

The effect of particle velocity on erosion rate has been studied extensively by many
researchers [105], [114], [115]. The velocity of an abrasive particle exerts a complex
power-law relationship with erosion rate. In 1960, Finnie [116] demonstrated a
strong correlation between material removal volume and the square of the velocity of
abrasive particles. Several studies [117]-[123] suggested that erosion rate exhibits

an empirical power law relationship with particle velocity:
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E, = kV Equation 2-2

where, £ 1s the erosion rate, V7 is velocity, k& is a constant and z is the velocity
exponent. n varies from 0.34 to 4.83 depending upon slurry condition. For dilute
suspension (less than 5 wt. %) and ductile target materials, the value of 7 is around
2.5 [72]. The increase in kinetic energy of the abrasive particle associated with the
particle velocity is primarily responsible for more erosion damage with increasing
particle velocity. The normal component of impact velocity (indenting component) is
mostly responsible for the depth, while the horizontal component of impact velocity

is responsible for the shape of the erosion scar [68].

2.2.4.3 Effect of Flow Characteristics

During slurry erosion, abrasive particles collide with the material surface. Particle-
material surface collision depends upon the following factors [124]: 1) Reynolds
number, Re (describes the flow field), 2) Stokes number, St, (characterizes the
abrasive particles) and 3) viscous boundary layer thickness. When slurry flows over
a material surface, a combination of gravitational, frictional and drag forces act on
the particle-metal contact points [125]. In addition, lubrication forces due to the
viscous flow act on abrasive particles both in lateral and longitudinal directions [124].
The resultant contact force induce deformation on the surface and cause erosion. The
principal force that controls the particle inertia is the viscous drag force which tends
to keep the particle path along the slurry streamline [124]. However, slurry
streamline direction may change from the original trajectory depending upon the
Reynolds number of the liquid. On the other hand, the particle trajectory during
slurry flow changes with increasing Stokes number (ratio of particle inertia to drag
force) of abrasive particle [124]. ]. It is believed that depending upon the Reynolds
number of the liquid and Stokes number of the abrasive particle, a stagnation zone
may develop at the center of the eroded surface [124]. The presence of a stagnation
zone on eroded profile was reported in a previous study [126]. Moreover, fluid

viscosity plays a significant role on particle-material impact point. Highly viscous
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liquid will drag the abrasive particles laterally around the material surface and divert
the direct collision trajectory [127]. Therefore, with increasing the viscosity of the
carrier liquid only few particles would be able to strike the material surface due to

reduction in collision efficiency and particle velocity.

2.2.4.4 Effect of Particle Distribution

Particle size, shape and hardness have a significant effect on erosion rate and

mechanism and are discussed below:

2.2.4.4.1 Particle Size

The size of abrasive particles plays a significant role in the erosion prediction of
materials. The erosion rate is closely related to the collision efficiency of particles.

The following equation is used to explain the collision efficiency of particles [73], [97]:

Collision Ef ficiency = :—Z Equation 2-3
where, .= the number of particles striking a unit area of the surface in unit time and
o= the number of particles contained within the volume of suspension swept by the
area in unit time. Previous studies [73], [97] reported that collision efficiency of
abrasive particles decreases with decreasing particle size. The larger particles have
high inertia, which results in the collision efficiency close to unity. On the other hand,
smaller particles, having low Iinertia and kinetic energy, are susceptible to
retardation before impact [73]. Hence, smaller particles cause less erosion damage
compared to larger particles. Figure 2-3 shows the increase in erosion rate with
increasing particle size [73]. Another study proposed an alternate theory to explain
the particle size effect [128]. Based on that report, it can be said that heat generation
due to particle material surface collision results in softening of materials by raising
the surface temperature. Thus, local plasticity due to rise of the temperature forms

extruded lips, which can easily be removed by further impact. Therefore, as particle

size decreases, erosion rate also decreases due to sharp drop in local heating [128].
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However, Mishra and Finnie reported that the size of the erodent particles has little
or no effect on the erosion rate for ductile materials as long as the particle size is

above 100 pm [98].
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Figure 2-3 Variation of erosion rate with particle size [73].

2.2.4.4.2 Particle Shape

Another important parameter that significantly influences erosion behaviour is the
erodent shape. Sharp and angular particles are most effective on cutting while
spherical particles mostly cause ploughing and deformation damage. When sharp
abrasive particles strike a material surface, they create deep craters and vulnerable
lips. On the other hand, shallow craters are created due to impact between rounded
particles and target material surface [129]. It is well established that sharp abrasive
particles cause more material removal than spherical particles [130]-[138]. However,

determination of particle angularity is a challenging task. Stachowiak [139] proposed
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Spike Parameter (S.P) method to define particle angularity where particle boundary
is defined by a set of triangles. Larger and sharper size of the tringle causes more
erosion damage on the target material surface. Desale et al. [81] and Roy et al. [140]
also studied the effect of particle angularity and reached similar conclusion. Figure
2-4 1llustrates the Spike Parameter to define particle angularity. Depending upon the
relative impact position different cutting processes are observed on the material
surface due to impact by angular sharp particles [129]. On the other hand, when
round shaped particle strikes the surface, erosion resistance of target material
increases with increasing material hardness. However, erosion resistance of target
material is independent of hardness and depends on material microstructure and the
operating erosion mechanisms during the process in case of impact by sharp angular

particles [99], [141]-[143].

Spike parameter to define particle angularity
represents the particle boundary by a set of
triangles. The sharper and bigger the size of

the triangle, the more erosive the particle. wpomt

Mid point

End point

Figure 2-4 Schematic illustration of the Spike Parameter (S.P) to define
particle angularity [139].

2.2.4.4.3 Particle Hardness

The erosion rate of materials is sensitive to the ratio of the abrasive particle hardness

(Ha) to the target material hardness (Hs). The abrasive particle must be harder than
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the target surface for erosion to occur [144]. Previous study reported a drastic drop in
erosion rate when abrasive particle hardness is lower than the target material
hardness [145]. Accordingly, erosion rate becomes significant when the abrasive
particle hardness is at least an order of magnitude higher than the base material
[98]. Therefore, a minimum ratio of the relative hardness of the abrasive particle to
the material surface is required for erosion damage. Experimental observation
showed that, if Ho/ Hs exceeds the value 1.2, then plastic flow in target material will
occur by collision with abrasive particles independent of their shape [129]. Figure 2-
5 illustrates the effect of hardness on particle-material contact zone during impact.
This phenomenon also explains why the heat treatment of steels appears to have
almost no effect on their erosion resistance [146]. The reason behind that is if the
abrasive particle hardness is considerably higher than the base material, a relatively
small increase in material hardness, due to heat treatment, would not have

significant effect on erosion behavior.

(a) (b)

Particle
N\
H,
H.>1.2 H. Surface H,<1.2 H,
Figure 2-5 Schematic diagram showing the effect of Ha/ Hs on particle-material

contact zone, a) particle will indent the surface when H.> 1.2 Hsand
b) plastic flow will occur in the particle when Ha < 1.2 Hs [129].
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2.2.5 Erosion Mechanism

Erosion mechanism is a complex phenomenon that is influenced by many
environmental factors. Different degradation mechanisms are found acting
independently and sometimes simultaneously depending upon the operating
conditions, particle distribution and particle trajectory. Erosion mechanisms of steel
can be divided into two main categories: ductile and brittle. Studying the erosion
behavior of the materials under different impact angle provides clear evidence on
these two types of mechanisms. It is reported that ductile materials show maximum
erosion rate at low impact angle (15°-30°) while brittle materials are subjected to

maximum erosion rate at normal impact angle (90°).

During erosion, an abrasive particle has to impact the material surface with a critical
velocity [133] and specific impacting orientation in order to cause deformation [147],
[148]. However, in most cases, particle impact forms a crater and vulnerable lips at
the edge of the crater. Such lips are prone to be detached upon further impact [149],
[150]. Normal impact of abrasive particles causes formation of deformed platelets on
the material surface. These deformed platelets are then eventually removed by
fracture and cause erosion [150], [151]. Levy and Hickey [63] observed different
geometrical shapes of deformed platelets and concluded that platelets formed due to
slurry erosion have different geometries compared to platelets formed in solid particle

erosion.

At higher slurry concentration, “Cushioning Effect” plays a significant role on erosion
of steels [109]. The forthcoming abrasive particles collide with back scattered
particles, and these collisions alter the velocity and impact angle of the forthcoming
particles. When abrasive particles impact the material surface at an acute angle, the

kinetic energy of the particles can be divided into two components [110]:
1. The horizontal component which favors cutting mechanism.

2. The perpendicular component which promotes severe plastic deformation.
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Depending upon the impingement angle and kinetic energy of abrasive particles,
several erosion mechanisms such as: ploughing and microcutting are observed.
Ploughing was reported by Santa et al. [152] and Goyal et al. [153] where
Shivamurthy et al. [154] and Das et al. [155] reported the presence of microcutting
as dominant erosion mechanism. Common types of erosion mechanisms are

summarized in Table 2-6.

Table 2-6 Common types of erosion mechanisms [110], [153]-[155].
Types of Erosion Environmental Damage Type
Conditions
Plastic . Repeated impacts of erodent particles at normal
i Impingement incidence creates deformed platelets and cause
deformation and
angle = 90° fracture of a material from the impact site.
fracture
. Formation of sub-surface cracks parallel to the
o Impingement
Delamination eroded surface, extension of these cracks to the
angle = 90° ) ) )
surface and formation of plate-like debris.
Impingement Angular impact by abrasive particles with critical
Microcutting oL )
angle < 90° kinetic energy cut materials from the surface.
Displacing materials to the front and sides of the
. Impingement particle. Repeated impacts on the neighboring site
Ploughing

angle < 90° cause removal of highly strained materials from

the terminal lip of the crater.
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2.2.6 Erosion Models

Erosion behavior of a material depends on the operating parameters and conditions.
In order to quantify the erosion damage researchers proposed several erosion
predictive models. Meng and Ludema [156] studied proposed erosion models and
chose 28 models based on a list criterion. Selected erosion models and their

underlying mechanisms are discussed in this section.

2.2.6.1 Finnie’s Erosion Model

Finnie [132], [146] first developed an erosion model which states that mechanical
wear due to erosion is dependent on the particle motion entrained in the flowing fluid,
as well as, the interaction between the particles and the surface. This model was
developed by solving the equations of motion of the particles and assumed that the
entrained particles obey the laws of motion. In addition, this model states that the
volume of the material removed during erosion is dependent on the swept area by the

erodent. The simple model is described by the following equations [132], [146]:

fe D V¢ 8 ks
m =2k, ) 992720, sin2a k4sm a ana < —
Equation 2-4
fc) D V¢ 4
v, = (25) —2L (cosa); tana > —
m (16 0.9272H, (05" e =g

where, fc 1s the proportion of particles impacting the surface and cutting in an
idealized manner. V;is the erodent particle impact velocity, Dsand Hs are the density
and static hardness of target material respectively and ais the particle impact angle.
In Equation 2-4, k, is the ratio of vertical to horizontal force components on the

particle and is assumed to be constant.
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2.2.6.2 Bitter’s Erosion Model

Bitter [68], [157] proposed two types of erosion mechanisms in his model. The first
one 1s deformation mechanism, and the rest is cutting mechanism. This model was
formulated based on the mass, velocity and impact angle of the abrasive particles
combined with the mechanical properties of the target materials. Also, energy
distribution during collision between abrasive particle and target material is
described by energy balance. It is interesting to note that, Finnie related material
strength to the absorbed energy during cutting while Biter’s model correlated energy
absorbed to the integrated product of the stress-strain curve. The following equations

are used to describe Bitter’s erosion model [68], [157]:

_ 1Im(sin x —Up)?

W, =
a=7 Y
v sin < —Uj v sin < —Uj
W, =2mC | ———|[v cos x —C; ———— — p1] )
vsin & vsin & Equation 2-5
2 2 k ( )§

1 mv“cos® « —k,(sin « —=U,)2

We, = _[ z

2 pl

Where, Ws= total deformation wear, C;=1s a constant that depends on density and
elastic load unit, W;; = cutting wear unit, W.2 = cutting wear unit loss, @ = impact
angle, o= energy needed to scratch out a unit volume from the surface, U, = maximum
particle velocity at which collision is purely elastic, y = deformation wear factor and

k; = constant based on mechanical properties.

2.2.6.3 Hutchings’ Erosion Model

The Hutchings erosion model proposed that the erosion for ductile materials at
normal impact by spherical particles occurs by the formation and subsequent

detachment of platelets of metal lying parallel to the eroded surface [129]. This model
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assumed that at normal impact by spherical particles forms a plastically deformed
region around the dentation. After several cycles of indentation, this region becomes
work hardened and eventually detached from the material surface as wear debris
[131]. The total work done by the abrasive particle as it strikes the material surface
1s equal to its initial kinetic energy. The final expression for dimensionless erosion

rate (E) was expressed as,

1
arD DV}
3
e2H?

E =0.033 Equation 2-6

where, Hy and D; are the dynamic hardness and density of the target material
respectively, D, is the density of erodent particles, and V; is the erodent particle
velocity. The term a,/2.Z cannot be measured independently. Hutchings assumed the

value of a/e2 to be equal to 0.7.

2.2.6.4 Hashish’s Erosion Model

The erosion model proposed by Hasish [158] addressed the deficiencies in Finnie’s
model. Higher velocity exponents (1>2), shape and density of abrasive particles were
taken in to account in this model. A characteristic velocity Cx is introduced in this
model that combines material flow stress, particle density and shape factor. The
model can be described by following equation [158]:

_14py vsinx —v,

E=——"(——)*%cot x

T p, Cy Equation 2-7

where, £ is the ratio of mass of the materials removed to the mass of the abrasive
particle, Ckis the modified characteristic velocity that combines the characteristics of

the abrasive particles and target materials.
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2.2.7 API Guidelines for Erosion in Oilfield

Erosion causes major damages in oil transportation pipelines due to ageing of oilfield
assets. Instead of using sand screen, oilfield pipeline operators tend to redesign the
facilities in order to avoid production rate drop [159], [160]. However, most erosion
models are applicable for specific erosion condition [70]. In addition, erosion rate
prediction of these models are not accurate enough in terms of practical field
operations. Hence operators are provided with guidelines to avoid major failure
without dropping production rate. One of the popular guidelines is API-RP-14E.
According to this guideline, the highest allowable velocity in the pipeline is given by

following expression:

C Equation 2-8

where, Ve = maximum allowable erosion velocity, p = density and C' = an empirical
constant. However, this equation is not ideal for the situation where erosion and
corrosion both are involved. Salama [113] proposed the following equation for the

fluid where erosion due to the sand is predominant:

DVPm Equation 2-9
~ 20Vw

where, W is the sand flow rate and D is the internal diameter of the pipe. The
modified expression for multiphase flow is as follows [113]:

WwV2d,

1
ER = g d2p. Equation 2-10

where KR is the erosion penetration rate, Wis the sand production rate, Vi is the

fluid mixture velocity, dp is the sand size, D is the pipe diameter, p, is the fluid
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mixture density and Sm is the geometry-dependent constant. Shirazi et al. [161] also
proposed a model which is associated with a wider range of operating conditions. The

model can be illustrated by the following equation:

WVL1.73
h = FMFSFPF% D, Equation 2-11
.
where A i1s the penetration rate, Fi 1s the empirical constant that accounts for
material hardness, Fsis the empirical sand sharpness factor, #}, is the penetration
factor for steel (based on 1" pipe diameter), F,p is the penetration factor for elbow
radius, Wis the sand production rate, V7 1s the characteristic particle impact velocity,

Dis the pipe diameter and Dyis the reference of 1 inch pipe diameter.
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Chapter 3

Experimental Details

A set of slurry erosion tests have been carried out to study the erosion behavior of
pipeline steels using a wet erosion test rig. This chapter presents the preparation,
materials characterization and detailed layout of the experimental methods and

operating conditions employed in this study.

3.1 Materials Characterization

Test specimens were characterized to determine the mechanical and chemical
properties. ICP, SEM and optical microscopy were performed to characterize the
materials. After the erosion test, the eroded surface was scanned using a high

resolution 3D profilometer to study the eroded profile.

3.1.1 Physical Properties

In this study, AISI 1018, AISI 1080, API X80, API X100 and API X120 pipes and bars
were cut to prepare test specimens (15.8+ 0.03 mm diameter and 6.1 + 0.02 mm thick).
The mechanical properties of these steels are summarized in Table 3-1. The hardness
of AISI 1080 steel was found much higher than AISI 1018 as expected due to the
higher amount of pearlite in the microstructure. Whereas, Young’s moduli of all test
specimens was found almost similar as Young’s moduli is a structure insensitive

property and its value mainly determined by the atomic bond strength of iron.
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Table 3-1

Properties

Yield strength (MPa)

Elongation

Modulus of elasticity
(GPa)

Density (g cm3)

Vickers hardness
(GPa)

Average grain size
(pm)

%Pearlite

Physical properties of AISI 1018, AISI 1080, API X80, X100 and API
X120 steels.

AISI 1018

310

20%

205

7.87

1.285

10+2

20

AIST 1080

585

12%

200

7.87

3.03

1242

100

API X42

290

23%

210

7.87

1.344

8+2

19

API X80

555

16%

210

7.87

2.43

8+2

API X100

690

15.2%

210

7.87

2.50

5x2

API X120

883

14.3%

210

7.87

2.97

442

Alpha aluminum oxide (Al2O3) powder was used as abrasive. The physical properties

of abrasive particles are given in Table 3-2. The particle size distribution of abrasive

particles was measured using Malvern Mastersizer 3000 laser diffraction particle size

analyzer (Figure 3-1). The average particle size is found to be approximately 57+2 pm.

The SEM micrograph of abrasive particles is presented in Figure 3-2(a). And Figure

3-2(b) is a magnified image of Figure 3-2(a). Figure 3-2(a) and Figure 3-2(b) showed

the presence of sharp and angular abrasive particles, which are primarily responsible

for the erosion degradation.
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Table 3-2 Physical properties and chemical composition of aluminum oxide.

Physical properties
Crystal phase Alpha
Specific gravity 3.95 g cem™3
Particle shape Angular
Vickers hardness 27.13 GPa
Particle size 57+£2 um
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Figure 3-1 Particle size distribution of alumina abrasive having an average

particle size of 57 + 2 pm.
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15.0kV 12.1mm x1.00k SE(L)

Figure 3-2 SEM micrograph of the alumina abrasive showing irregular shaped
particles.
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3.1.2 Chemical Properties

The chemical compositions of AISI 1018, AISI 1080, API X80, API X100 and API X120
steels were measured by using Inductively Coupled Plasma Mass Spectrometry (ICP).
The results are summarized in Table 3-3. X-ray diffraction (XRD) experiments were
carried out using a high-speed Bruker D8 advance system employing Cu-Kal
radiation having a wave length (A) of 1.54 A, tube voltage of 40 kV and tube current
of 40 mA. Figure 3-3 shows the XRD pattern of API X42 steel as a representative
example. XRD peaks were matched to those in the Powder Diffraction Files (PDF)

and identified as carbon steel peaks having a BCC crystal structure.

Table 3-3 Chemical composition of carbon and pipeline steels.

Elements AISI1018 AISI1080 APIX42 APIX70 APIX80 APIX100 API X120

C 0.182 0.814 0.169 0.061 0.149 0.103 0.141
Si 0.095 0.120 0.067 0.150 0.125 0.151 0.132
Mn 0.754 0.598 0.372 1.223 0.555 1.221 0.561
Cr 0.181 0.122 0.027 0.018 0.060 0.070 0.070
P 0.040 0.040 0.040 0.010 0.010 0.010 0.010
Cu 0.186 0.230 0.008 0.008 0.020 0.009 0.019
Ti 0.008 0.001 0.002 0.015 0.004 0.018 0.001
0.001 0.021 0.001 0.028 0.030 0.036 0.031
S 0.021 0.014 0.004 0.002 0.001 0.001 0.001
Fe balance balance balance balance balance balance balance

The chemical composition of alumina abrasive is provided in Table 3-4.

Table 3-4 Chemical composition of aluminum oxide.

Chemical composition
AlO; TiO2 SiO2 Fe MgO Alkali
99.5 0.099 0.05 0.08 0.02 0.30
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Figure 3-3 XRD pattern of API X42 steel identified as carbon steel peaks having
a BCC crystal structure.

3.1.3 Microstructural Properties

In this study, steel coupons were used as test specimens. Specimens were first ground
using 240, 320, 400 and 600 grit SiC abrasive papers. The samples were then polished
using 1, 0.3 and 0.05 pm gamma alumina suspension. After that, specimens were
cleaned with acetone in an ultrasonic bath. Cleaned specimens were then etched
using a 5% Nital solution to examine the microstructure. Figure 3-4 (a), (b), (c), (d),
(e), (f) and (g) represent the optical micrographs of AISI 1018, AISI 1080, API X42,
API X70, API X80, API X100 and API X120 steels respectively. AISI 1018, API X42
and API X70 steel microstructures consist of ferrite and pearlite (Figure 3-4 (a),
Figure 3-4 (c) and Figure 3-4 (d)). Whereas, AISI 1080 steel microstructure shows
presence of 100% pearlite (Figure 3-4 (b)). However, the microstructure of API X80
consist of deformed ferrite, bainite, and pearlite (Figure 3-4 (e)). On the other hand,

the microstructure of API X100 steel comprised of very fine bainite and ferrite having
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lath-like and granular type morphology (Figure 3-4(f)). Matrix microstructure of API
X120 is composed of bainitic ferrite and acicular ferrite [162]. The addition of
molybdenum, copper and nickel increases the temperature of the maximum rate of
pearlite transformation and decreases the temperature of the maximum rate of
bainite transformation and thus promotes the formation of the desired lower bainite
microstructure [48]. A similar type of microstructure for API X100 was previously
observed by others [163]. Microstructural constituents and average grain sizes for

these steels are shown in Table 3-1.
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Figure 3-4 Optical micrograph of (a) AISI 1018 and (b) AISI 1080 steels.
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Figure 3-4 Optical micrograph of (c) API X42 and (d) API X70 steels.
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Optical micrograph of (e) API X80 and (f) API X100 steels.
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Figure 3-4 Optical micrograph of (g) API X120 steel.

3.2 Experimental Setup

The detailed information about experimental setup and operating conditions

employed in this study is discussed in this section.

3.2.1 Slurry Erosion Tester

A jet type rig, capable of eroding materials under well controlled exposure condition,
was used in this research work. The schematic diagram of the slurry erosion tester is
1llustrated in Figure 3-5. The test rig is composed of a slurry reservoir, agitator, slurry
flow meter, nozzle, submerged specimen holder and a pump. First water and abrasive
particles were poured into the slurry reservoir. A mechanical agitator is installed on
the test rig to achieve a homogeneous slurry. Continuous agitation prevents slurry

mixture from settling at the bottom. The slurry flows from slurry chamber to the
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nozzle by using a mechanical pump. In order to achieve a uniform particle
distribution in the stream a nozzle (inner diameter: 2.3 mm, length: 33 mm) having
a length to diameter ratio of 14:1 was used. Test specimen was placed in a movable
specimen holder in order to control the standoff distance. The slurry discharged from
the nozzle strikes the specimen surface and cause erosion. The isometric view of

specimen holder and nozzle is shown in Figure 3-6.

Sample Holder Nozzle @
| i1 1

——

Slurry
Sample
< Agitator
sy —\—> |
e e
ey " |
Dumping |
Nozzle Slurry Inlet
Figure 3-5 Schematic diagram of experimental setup for slurry erosion tester.
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Figure 3-6 Isometric view of erosion sample holder and nozzle (SolidWorks).

Operating conditions for erosion tests are given in Table 3-5. A wide range of slurry
velocity (0.20-12 m s7) and concentration (0-5 g L'1) was employed in the current
study in order to assess the effect of slurry velocity and concentration on erosion rate
and dominant erosion mechanisms. Specimens were weighed using a digital balance
(with an accuracy of 1 x 10% g) before and after each erosion test. The eroded
specimens were cross-sectioned in a longitudinal direction in order to investigate the
sub-surface of the erosion scars. Specimens were cut using a Buehler® isomet 1000
slow precision saw using a diamond wafering blade (15.2 cm diameter X 0.5 cm thick).
Isomet 1000 precision saw has an automatic cut-off switch, a counter balanced sliding
load weight system, a built-in metric digital micrometer cross-feed for sample location
and a removable coolant tray with built-in dressing device, in order to avoid excessive

heating. Erosion rate was calculated using the following equation [164],
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AW

Eo =124 t] K Equation 3-1

Where, AWis the weight loss (g) of the specimen, A4 is the surface area (mm?2), dis the

density (g cm™), tis test duration (s) and K is a constant (1 x 106 pm cm™).

To be able to compare erosion rates performed using different particle velocities, the
erosion rate needs to be normalized with respect to the slurry flow rate for a given
slurry velocity. That is, the normalized erosion (%) rate is calculated by dividing
erosion rate (mg s1) by the abrasive particle flow rate (mg s'1) using the following

equation [165]:

Erosion rate (mgs™1) Equation 3-2
Particle flow rate (mgs=1)

Normalized erosion rate, E =

Table 3-5 Operating conditions for slurry erosion tests.
Parameters Operating Conditions
Nozzle diameter 2.3 mm
Standoff distance 3 mm
Test duration 30, 180, 420 and 600 s
Impact angle 90°
Slurry concentration 0, 10, 20, 30, 40, 50 g L"!
Slurry velocity 0.20, 0.29, 0.36, 0.43 and 12 m s'!
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Chapter 4

Results and Discussion

This chapter focuses on some of the complexities associated with slurry erosion of
pipeline steels. The erosion behavior of steel depends upon the surrounding factors.
The erosion rate and erosion mechanisms rapidly alter depending upon these
variables. In this chapter, an attempt has been made to evaluate the effect of slurry
velocity and slurry concentration on the erosion rate and erosion mechanisms.
Dominant erosion mechanisms for different velocity and concentrations are identified

and discussed in detail.

4.1 Erosion Behavior of Steels

In order to measure the erosion rate, each specimen was weighed before and after
slurry exposure for 30, 180, 420 and 600 s for different slurry velocities and
concentrations. Figure 4-1 represents the trend of the increase in weight loss of steel
specimens with increasing test duration for AISI 1018, AISI 1080, API X42 and API
X170 steel samples at 1% slurry concentration for different slurry velocities. Figure 4-
2 shows typical trends of increasing weight loss with exposure time for 3 wt.% slurry
concentration. It is evident that weight loss increases with increasing test duration.
Also no significant change in slope was observed in the plots for all steels. As wear
mechanism transition is associated with change in wear rate, these plots indicate
that no wear transition has taken place throughout test durations. That is, the same
dominant erosion mechanisms operates throughout the entire test period.

Furthermore, it is also observed that in general weight loss of the steel increases with
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increasing slurry concentration. Different erosion mechanisms may operate on the
steels surfaces depending upon the velocity and concentration which are discussed

later in section (4.2 Erosion Mechanism).
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Figure 4-1 Weight loss vs time for AIST 1018, AIST 1080, API X42 and API X70

steel at 0.43 m s™! slurry velocity and normal impact angle.
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Figure 4-2 Weight loss vs time for AISI 1018 steel for 3% slurry concentration

and 12 m s1 slurry velocity at normal impact angle.

4.1.1 Eroded Surface Topography

Eroded surface topography has been studied by performing profilometry scan on each
specimen after the slurry erosion test at 4% concentration. Scanned profiles were
then stitched together for comparison (Figure 4-3). According to these scans, the
maximum depth of the erosion scar varies from 2.45 um to 24.14 pm at 4%
concentrations for 30s to 600s. The maximum depths were calculated by measuring

the deepest points of the scars to the unaffected surfaces of the materials.
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Figure 4-3 Erosion scar of AISI 1018 at 4% concentration for normal angle of

incidence and different time intervals (from left to right, 30, 180, 420
and 600 s) profilometry scan (aspect ratio, 1:1:0.5).

During the erosion test, repeated impact by the slurry on the material surface induces
plastic deformation, which favors an increase in surface roughness. However, the
mean surface roughness of eroded AISI 1018 was found to be 5.1+2 um. Then again,
the average particle size used in this study was 57 + 2 um. So it can be said that the
localized surface roughness didn’t affect the global impact angle. Hence, the local
surface roughness was not expected to have significant effect on erosion rate. It is
clear that the depth of the erosion scar (Z axis) is shallow compared to the size of the
scar (X and Y axis). Thus, it is evident that the depth of the erosion scar is shallow
enough with respect to incoming slurry that local impact angle of slurry flow is

reasonably close to the incident angle of the slurry stream.
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Figure 4-4 Erosion scar of AISI 1018 at 4% slurry concentration for 600s and
normal angle of incidence, (a) profilometry scan (aspect ratio,
1:1:40).
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Figure 4-4 Erosion scar of AISI 1018 at 4% slurry concentration for 600s and

normal angle of incidence, (b) the cross section of eroded surface
profile (aspect ratio, 1:40). and (c) profile depth comparison (aspect

ratio, 1:40).
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It is interesting to note that, the profile of the cross-section of the eroded surface was
found to be “W” shaped in the current study (Figure 4-4 (b)). Similar finding was
reported by Mansouri et al. [126]. The fluid dynamics of slurry is primarily
responsible for this phenomenon. The fluid flow pattern of slurry depends upon the

Reynolds number (Re) and is given by [124],

prUL Equation 4-1
R, = T

where, pr and u are the fluid density and viscosity, respectively. Uis the flow velocity
and L is the cross-section of the channel. On the other hand, the abrasive particles

behavior within the slurry flow can be characterized by Stokes number of the particle

(Sv), as follows [124],

_4ppa Equation 4-2

St 1s proportional to the ratio of the abrasive particle inertia to the fluid drag force.

Abrasive particle inertia attempts to keep the particle on its original trajectory.

An important parameter that determines if and where an abrasive particle would
impact the surface in a pipe bend on T-channel is the thickness of the boundary layer

(6) [124],

L Equation 4-3

As the boundary thickness increases as a result of low Reynolds number @.e., low

fluid velocity) for a given low value of Stokes number of the particle, the abrasive
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particle would deviate more from its original trajectory and towards the streamline

of the flow.

Abrasive particles suspended in liquid tend to follow the direction of slurry flow for
low Stokes number[124], [166], [167]. Due to low Reynolds number of the fluid and
low Stokes number of the abrasive particle in slurry, a stagnation zone was developed
at the center of the eroded surface where the velocity of the incoming slurry reduces
to zero (Figure 4-4 (a)), as reported in a previous study [126]. Hence, total mass loss
at the center due to slurry erosion is negligible. Accordingly, the velocity of the slurry
increases gradually away from the stagnation zone. The abrasive particles impact
occurs of some distance from the stagnation zone and forms a ring of highly eroded
region of the surface of the steel, as shown in Figure 4-4 (a). The 2D profile of Figure
4-4 (a) is represented in Figure 4-4 (c). The entire phenomenon can be explained more
clearly by Figure 4-5. During the erosion test, the entire system (nozzle and specimen
holder) was submerged in the slurry mixture. After the slurry was ejected from the
nozzle, the fluid flow deviates to both sides of the channel. On the other hand, the
abrasive particles path is influenced by two factors, particle inertia, which attempts
to keep the particle moving in its original straight path and the fluid flow stream
pulls the particle in its deviated path. The position where the abrasive particle
impacts the surface is controlled by the extent of these two effects. As a result, the
velocity of the slurry reduces to zero at the center of the eroded profile and creates a
stagnation zone. The region where the abrasive particles impact the steel surface
show high erosion as shown in Figure 4-5. However, the height of the stagnation zone
was found slightly high compared to the unaffected steel surface (Figure 4-4 (a) and
4-4 (c)). The reason behind this is that during the abrasive particle impact material
deforms and flows of material from the highly eroded zone to the stagnation zone.
Thus, the height of the stagnation zone increased compared to the unaffected surface.
The entire mechanism is described in detail in later section (4.2 Erosion Mechanism,

Figure 4-12).
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Figure 4-5 Schematic diagram of the velocity contour of the slurry flow at
normal impingement angle.

4.1.2 Effect of Slurry Velocity

Slurry erosion rate was determined from the slope of weight loss vs time plot. Slurry
flow rate was calculated by measuring total slurry weight (water + abrasive particle)
per unit time. To be able to compare erosion rates performed using different particle
velocities, the erosion rate is normalized with respect to the slurry flow rate for a

given slurry velocity.

Figure 4-6 shows normalized erosion rates as a function of slurry velocity. It was
observed that slurry erosion of AISI 1018, AISI 1080, API X42 and API X70 steel
increases with increasing slurry velocity. Several researchers reported that higher

material removal rate at higher particle velocity is due to the higher kinetic energy
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of the abrasive particles [168]-[170]. However, the abrasive particle has to attain a
critical velocity to induce plastic deformation on the surface[122]. At lower slurry
velocity, most particles have velocities below a threshold value which causes elastic
deformation. As a result, lower erosion rate was observed at low slurry velocity. On
the other hand, when slurry velocity is increased, more abrasive particles attain the
required threshold velocity. Continuous impact by the abrasive particles with velocity
higher than the critical value develops plastically deformed platelets, which are then
detached upon further impacts. Hence, the erosion rate increases with increasing
slurry velocity as evident from Figure 4-6. However, it is interesting to note that, the
slope of the curve in Figure 4-6 varies with varying slurry velocity. At higher slurry
velocity, embedded particles are observed in the steel specimen which acts as
reinforcing elements. As a result, the slope of normalized erosion rate vs slurry
velocity decreases as slurry velocity increases. It is important to note that, normalized
erosion rate of AIST 1018 steel is higher than AISI 1080 steel for all velocity conditions
used in this study. Steel microstructure plays an important role in determining the
erosion rate. AISI 1018 steel exhibits 20% pearlite while AISI 1080 exhibits almost
100% pearlitic microstructure (Table 3-1). Thus, normalized erosion rate data

indicates that pearlite is more effective in resisting erosion than ferrite.
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Figure 4-6 Normalized erosion rate vs slurry velocity for AISI 1018, ATSI 1080,

API X42 and API X70 steel at normal impact angles.

4.1.3 Effect of Slurry Concentration

Figure 4-7 shows the change in normalized erosion rate as a function of slurry
concentration. It can be seen from the figure that the normalized erosion rates of AISI
1018, AISI 1080, API X80, API X100 and API X120 increase with increasing slurry
concentration as observed in other erosion studies [63], [109], [110], [153]. This is
because of the fact that, at low slurry concentration, the particle to material surface
Interaction area is much less compared to higher concentration slurry erosion test.
Also, a previous study [122] ] reported that abrasive particles have to attain a critical

energy to induce plastic deformation on the material surface which is an essential
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condition for erosion degradation. At low slurry concentration, the amount of
critically energized particle is less. As slurry concentration is increased, more
particles acquire energies higher than the threshold value. Continuous impacts by
these particles create plastically deformed platelets, which are then detached by
further interactions. Thus, erosion rate increased with increasing slurry
concentration as evident in Figure 4-7. However, it is interesting to note that, the
slope of the Figure 4-7 changes with increasing slurry concentrations. The main
reason for this phenomenon is “cushioning effect” [109]. At high slurry
concentrations, the incoming slurry stream collides with the backscattered particles,
which protects the material surface, this is known as “cushioning effect”. This effect
1s gradually increased with increasing slurry concentration. Hence, the slope of the
normalized erosion rate vs slurry concentration decreases as slurry concentration

increases.
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Figure 4-7 Normalized erosion rate vs slurry concentration for AISI 1018, AISI
1080, API X80, API X100 and API X120 steel at normal impact
angles.

4.2 Erosion Mechanisms

Erosion is a complex and progressive time dependent phenomena. Several
environmental factors have significant influences on slurry erosion mechanisms of
pipeline steels. Different erosion mechanisms were found acting simultaneously
depending upon the operating conditions, abrasive particle size, shape and trajectory.
The total erosion rate is the sum of the individual contributions of these mechanisms.
Thus, identification of dominant erosion mechanisms is a challenging task. SEM

1mages were taken at different zone of the eroded profiles where the damage caused
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by individual particle impact could be seen. However, it is important to note that,
erosion mechanisms are the function of slurry velocity and concentration and the
steels used in this study show similar erosion mechanisms for a particular set of
environmental condition. In this section, erosion mechanisms of steels are divided

based on slurry velocity and slurry concentration.

4.2.1 Effect of Slurry Velocity

During slurry erosion, plastic deformation on eroded surfaces is observed at both low
and high velocity conditions. Figure 4-8(a) shows the eroded surface morphology for
AISI 1018 steel. Plastic deformation and formation of platelets are dominant because
of the continuous impact by the sharp abrasive particles. These platelets are then
removed due to repeated impacts by the incoming particles. Similar phenomenon was
reported in previous studies [171], [172]. Figure 4-8(b) shows plastic deformation in
API X70 steel. As the abrasive particle strikes the surface, the deformed material is
squeezed out of the contact zone. Repeated impacts by the abrasive particles cause
fracture of the platelets as evident in Figure 4-8 (c). As more particles strike the
surface, platelets begin detaching from surface and form small fragments (Figure 4-

8 (d)). Similar behavior is also observed in previous studies [168], [173]-[175].

At higher slurry velocity, due to rebounding effect, abrasive particles deflect from
their original trajectory. These abrasive particles have velocities higher than the
threshold value and are observed to cause microcutting action (Figure 4-8 (e))
[176][177]1[178]. The rebound particles collide with new incoming particle and deflect
them from their original trajectory. Those deflected particles impact the specimen
surface at an acute angle and cause microcutting. At high impact velocity, deep
penetration of abrasive particles results in embedded Al2Os as shown in Figure 4-8
(). It is found that crack initiates in embedded particles due to repeated impact by
the incoming slurry stream (Figure 4-8 (f)). Some of these embedded particles are

then fractured and removed from the matrix (Figure 4-8 (g)). Removal of embedded
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particle creates vulnerable ridges, which are then detached by further impact (Figure
4-8 (h)).

Figure 4-9 shows a schematic diagram explaining how the material is removed during
slurry erosion. At the initial stage of erosion, abrasive particles impact the steel
surface (Figure 4-9 (a)) and deform the metal plastically. Plastic deformation on the
specimen surface creates vulnerable lips. The rebound particle then inhibits the
motion of the incoming abrasive particle (Figure 4-9 (b)). After collision with the
rebound particle, the new abrasive particle deflects from its original trajectory
(Figure 4-9 (c)) and the abrasive particle impacts the specimen surface at an acute
angle. Material is then removed through microcutting (Figure 4-9 (d)). Figures 4-9
(e)-(f) show the removal of vulnerable lips due to repeated impact by the abrasive

particles.
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Figure 4-8 SEM micrograph of steel samples after slurry erosion, (a) formation
of platelets due to plastic deformation (AISI 1018, 0.20 m s'2) and (b)
plastic deformation (API X70, 0.20 m s1).
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Figure 4-8 SEM micrograph of steel samples after slurry erosion, (c) initiation of
fracture at deformed platelets (API X70, 0.29 m s1) and (d) detachment
of deformed platelets (API X70, 0.29 m s1).
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Figure 4-8 SEM micrograph of steel samples after slurry erosion, (¢) microcutting
(API X70, 0.36 m s1) and (f) embedded abrasive particle (API X42, 0.36
m s1),
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Figure 4-8 SEM micrograph of steel samples after slurry erosion, (g) crack
propagation in embedded particle (API X42, 0.43 m s'!) and (h) removal
of embedded particle (API X42, 0.43 m s1).
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abrasive particle impact and rebound abrasive particle collide with
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at acute angle and material is removed through microcutting and
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4.2.2Effect of Slurry Concentration

In this study, the eroded profile shows two distinct zones on the material surface
which are denoted as the stagnation zone and the highly eroded zone. Figure 4-10(a)
shows the optical image of an eroded surface where the stagnation zone at the center
and the highly eroded zone are clearly visible. Figure 4-10 (b) and Figure 4-10 (c)
represents a low magnificent SEM images of the stagnation zone and the highly
eroded zone respectively. The stagnation zone shows evidence of plastic deformation.
On the other hand, the presence of plastically deformed platelets, crater,

microcutting, and ploughing were observed in the highly eroded zone.

Y : ;‘ ‘ Bus 'High]y Eroded
e s J .,.Zone

* Zone

Figure 4-10 (a) Optical micrograph of eroded profile of API X120.
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Figure 4-10 (b) SEM micrograph of the stagnation zone of API X120 and (c) SEM
micrograph of the highly eroded zone of API X120 steel at 4% slurry
concentration.
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When the slurry strikes the highly eroded zone, abrasive particles in slurry induce
plastic deformation on the steel surface. Figure 4-11(a) shows the formation of
plastically deformed platelets on the highly eroded zone. As more particles impact the
surface, crack initiates at the deformed platelets as shown in Figure 4-11(b).
Repeated impact by the energized abrasive particles completely detached the
deformed platelets as evident in Figure 4-11(c) and form small fragments. These
fragments are then washed away by the incoming slurry flow. Formation and
detachment of plastically deformed platelets were identified as the dominant erosion
mechanism for all the slurry concentrations used in this study as reported by other
researchers[144], [179], [180]. Also, formation of craters was observed under SEM
examination. Probable reason for crater formation is deep penetration of abrasive
particles. The penetrated abrasive particles were then subjected to repeated impacts
by incoming abrasive particles and subsequently removed from the material surface.
Removal of the abrasive particles results in crater and vulnerable lip formation
(Figure 4-11(d)). These vulnerable lips are then detached by further impact of
forthcoming particles and cause erosion. Furthermore, continuous impact of the
slurry on the material surface induces strain hardening and creates a work hardened
layer on the surface. Normal impact of abrasive particles on the work hardened layer
induces brittle fracture as evident in Figure 4-11(e). Figure 4-11(f) is the magnified
image of Figure 4-11(e) and shows detached work hardened fragments caused by
brittle fracture. These detached fragments are then removed from the steel surface
by continuous slurry flow. Mass loss due to crater formation and strain hardening

was reported by Shivamurthy et al. [154] and Bhandari et al. [111].

It was observed that, at higher slurry concentration, cushioning effect significantly
influences erosion mechanisms. As we increase the slurry concentration, abrasive
particles pile up in front of the material surface due to rebounding effect. These
backscattered particles collide with the incoming slurry stream and alter the velocity
and impact angle of incoming abrasive particles. Due to cushioning effect, some

incoming abrasive particles deflect from their original trajectory. Depending upon the
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impingement angle and velocity of these deflected particles, several erosion
mechanisms were observed on the material surface. When the deflected particles
strike the material surface at low angle and low velocity, the horizontal component
of the kinetic energy of the abrasive particle ploughs the surface as the particle slides
over it (Figure 4-11(g)). Ploughing was reported as a dominant erosion mechanism at
low angle and low velocity [122], [181]. Accordingly, the vertical component of kinetic
energy of the abrasive particle at low angle and high velocity causes microcutting as
evident in Figure 4-11(h). Presence of microcutting at the normal impact angle was

also observed in other studies [154], [182].

In summary, different erosion mechanisms were identified acting on the steel surface
depending upon the operating conditions. The formation and removal of heavily
deformed platelets was found as the dominant erosion mechanism. Furthermore,
deflected particles, created by the collision with the backscattering particles, also
caused erosion damage. Ploughing and microcutting were found to be caused by

deflected particles depending upon the altered impact angle and particle velocity.
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Figure 4-11 SEM micrograph of highly eroded zone of steel specimens, (a)
formation of deformed platelets (API X120) and (b) plastic
deformation and initiation of crack at deformed platelets (API

X120).
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Figure 4-11 SEM micrograph of highly eroded zone of steel specimens, (c)
detachment of deformed platelets (API X120) and (d) crater and
vulnerable lip formation (API X120).
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Figure 4-11 SEM micrograph of highly eroded zone of steel specimens, (e) brittle
fracture of work hardened layer (AISI 1018) and (f) detached work
hardened fragment (AISI 1018).
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Figure 4-11 SEM micrograph of highly eroded zone of steel specimens, (g)
ploughing (AISI 1018) and (h) microcutting (AISI 1018).
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During plastic deformation, material is squeezed out of the contact zone. Further
impact is necessary to detach the deformed platelets in order to cause erosion. At the
highly eroded zone and stagnation zone boundary, deformed material flows from the
eroded zone to the stagnation zone. Figure 4-12(a) shows the flow of materials due to
plastic deformation. However, the slurry velocity approaches zero at the stagnation
zone, as a result, no particle-material collision takes place at the stagnation zone.
Hence, metal, flow from the eroded zone, piled up at the stagnation zone without
material detachment (Figure 4-12(b)). This explains the increase in height of the

stagnation zone compared to the unaffected surface which is evident in Figure 4-4.

Figure 4-13 shows a schematic diagram explaining the erosion mechanisms at the
highly eroded zone-stagnation zone boundary. At the initial stage, abrasive particles
impact the steel surface and induce plastic deformation (Figure 4-13 (a) and (b)).
Deformed material then flows and creates vulnerable lips (Figure 4-13 (b)). At the
highly eroded zone, slurry contains critically energized abrasive particles. Repeated
impact by these energized particles initiate fracture of the vulnerable lips at the
highly eroded zone and cause erosion (Figure 4-13 (c)). However, the velocity of the
abrasive particles are zero at the stagnation zone. Thus, flow of deformed material
from the highly eroded zone piled up at stagnation zone without any material removal

and raises the surface height compared to the unaffected area (Figure 4-13 (d)).

79



o i
L R—

15.0kV 13.7mm x11.0k SE(M)

Figure 4-12

SEM micrograph of stagnation zone of steel specimens, (a) flow of
materials due to plastic deformation (API X120) and (b) Pile of
deformed platelets at stagnation zone (API X120).
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Figure 4-13 Schematic diagram of erosion mechanism at the highly eroded zone

- stagnation zone boundary, (a) abrasive particle impacts on the
sample surface, (b) flow of material to stagnation zone from highly
eroded zone and formation of vulnerable lips, (c) fracture of
vulnerable lips at highly eroded zone and (d) pile of deformed
materials at stagnation zone.

4.2.3 Effect of Steel Microstructure

Slurry erosion of carbon steel is significantly influenced by the steel microstructure.

In this study, the erosion response of ferritic and pearlitic microstructures were

thoroughly investigated. Different degradation patterns were observed depending

upon slurry velocity and microstructural orientation. SEM micrographs of eroded

surface of AISI 1018 steel is shown in Figure 4-14.

During slurry erosion, localized and uniform surface deformations were observed as

a result of the impact by the abrasive particles and the fluid flow. It was found that

the deformation by abrasive particles is localized, while that due to fluid flow is

uniform. Figure 4-14(a) shows an SEM micrograph depicting ferritic and pearlitic
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microstructure post slurry erosion. The continuous impact of the high pressure fluid
flow induces uniform deformation on the surface and compresses the ferritic phase
(Figure 4-14 (a)) and flattens the pearlitic plates as evident from Figure 4-14 (b). As
can be seen in Figure 7(a), the ferrite phase is depressed deeper compared to the

pearlite phase. This is expected as ferrite is softer than pearlite.

Figure 4-14 (c-d) shows the localized deformation on the steel surface caused by the
abrasive particles. Abrasive particles deform the ferritic microstructure plastically
(Figure 4-14 (c)) and create craters and ridges. Material is then removed upon further
impact on the previously formed ridges. When abrasive particles impact a pearlite
phase, heavy plastic deformation of the cementite lamellae is observed as shown in
Figure 4-14 (d). It is interesting to note that, the localized degradation of pearlite by
the abrasive particles depends on the orientation of pearlitic plates and the shape of
the end of the particle that impacts the surface. Abrasive particles may strike
pearlitic plates either with flat or sharp ends. Figure 4-14 (e) shows the deformation
of cementite lamellae when the abrasive particle impacts with a flat end. As a result,
heavy plastic deformation takes place. The impression that the particle left behind
on the pearlite phase (Figure 4-14 (d,e)) indicates that the end of the particle which
struck the surface had a flat shape (somewhat triangular). On the other hand, other
particles strike the pearlite phase with sharp ends penetrate the pearlite plates along

the cementite lamellae, as illustrated in Figure 4-14(f).
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Figure 4-14 SEM close-up image of AISI 1018 steel (a) uniform deformation due
to fluid impact and (b) flattened pearlite.
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Figure 4-14 SEM close-up image of AISI 1018 steel (c) localized deformation of
ferrite and (d) localized deformation of pearlite.
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Figure 4-14 SEM close-up image of AISI 1018 steel (e) heavy deformation of
cementite lamellae due to particle impact and (f) deformation of
cementite lamellae due to penetration of abrasive particle along the

interface.
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SEM micrographs of cross-sections of eroded surfaces show a different response of
ferritic and pearlitic microstructures when subjected to slurry flow (Figure 4-15).
When abrasive particles strike ferritic microstructure, severe plastic deformation is
induced on the surface. Deformed materials then detached from the surface upon
further impact. On the other hand, when abrasive particles strike pearlitic
microstructure, pearlitic plates deform ahead of the abrasive particle tip (Figure 4-
15(a)). These deformed stack of pearlitic plates resist further deformation. As seen in
Figure 4-15 (b), ferrite exhibits more metal removal compared to pearlite. The inset
in Figure 4-15(b) is a magnified image of the marked circle to illustrate that ferrite
erodes faster than pearlite. During impact of abrasive particles on ferrite, deformed
material is squeezed out of the contact zone to the sides and form craters and ridges.
Upon repeated impact, the deformed material accumulates on the sides of the crater
and piled up over previous layers (Figure 4-15(c)). Figure 4-15(d) is a magnified image
of Figure 4-15(c) (marked as circle) and shows accumulation of deformed metal. These
layers of displaced metal (ridges) are then removed upon continuous interaction with
slurry (liquid + abrasive particles). On the other hand, when an abrasive particle
strikes the pearlitic phase, it deforms the cementite lamellae. Figure 4-15(e) shows
an abrasive particle as it strikes a pearlitic phase and deforms cementite plates. The
deformed pearlitic plates are more visible in Figure 4-15(f). These deformed pearlitic
plates absorb the kinetic energy of the abrasive particles and prevent further damage.
Delamination of cementite lamellae is also observed underneath the particle impact
location (Figure 4-15(f)). Hence, it is clearly evident that pearlite exhibits higher

resistance to slurry erosion (by both liquid and abrasive particles) than ferrite.

In summary, ferritic microstructure undergoes severe plastic deformation during
slurry erosion. Plastically deformed platelets are then detached by further impact.
On the other hand, cementite lamellae of pearlite absorb the kinetic energy and
material removal occurs by delamination of cementite lamellae upon further impact
(Figure 4-15(f)). At higher slurry velocity, deflected abrasive particles strike the
surface at an acute angle and result in microcutting. AISI 1018, API X42 and API
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X70 steels consist of ferritic and pearlitic microstructures whereas AISI 1080 steel
consists of 100% pearlite. As clearly seen from micrographs, pearlite is more effective
1n resisting erosion than ferrite. Hence, AISI 1080 steel has higher erosion resistance

compared to AISI 1018, API X42 and API X70 steels (Figure 4-1).
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Figure 4-15 SEM micrograph of the cross section of AISI 1018 steel: (a)-(b)
different erosion response of ferrite and pearlite.
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Figure 4-165  SEM micrograph of the cross section of AISI 1018 steel: (c)-(d)
accumulation of deformed material in ferrite.
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Figure 4-15 SEM micrograph of the cross section of AISI 1018 steel: (e) abrasive
particle strike pearlitic phase. And the cross section of AISI 1080
steel: (f) fracture and deformation of cementite lamellae due to
abrasive particle impact.
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Chapter 5

Conclusions

In this study, a set of erosion tests were performed on various carbon and API X-
series pipeline steels in a jet type wet erosion test rig. The impingement angle (90°)
was kept constant while altering the slurry velocity (0.20, 0.29, 0.36, 0.43 and 12 m
s1) and the slurry concentration (0, 1, 2, 3, 4 and 5 wt.% slurry). The effect of slurry
velocity and concentrations on erosion behavior were thoroughly investigated.
Dominant erosion mechanisms were identified by SEM observation. The effects of the
steel microstructure on erosion of carbon steels was also studied. The following

conclusions can be drawn from the current work:

1. Normalized erosion rate of the steels increases with increasing slurry
velocity. This is because of the fact that higher particle velocity has higher

kinetic energy, which cause more material removal from the matrix.

2. Normalized erosion rate of the steels increases with increasing slurry
concentration. The higher slurry concentration results more particles to
material surface collisions. Hence, more material removal occurs with

increasing slurry concentration.

3. Due to flow characteristics of slurry, a stagnation zone was created at the
center of the eroded profile, and a highly eroded zone was found around the

stagnation zone.

4. Abrasive particle of the slurry causes localized erosion while liquid causes

uniform erosion to the steel matrix.
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5.

8.

Heavy plastic deformation and removal of the deformed platelets were
found to be the dominant erosion mechanism for AISI 1018, API X42, API
X70, API X80, API X100 and API X120 steels. On the other hand,
delamination of cementite lamellae is dominant for AISI 1080 steel. In
addition, at higher slurry concentration, ploughing and microcutting were

observed as erosion mechanism due to cushioning effect.

Slurry erosion rate of carbon and low alloy steels decrease with increasing
amount of pearlite in the microstructure. Erosion of ferrite and pearlite is
controlled by slurry wvelocity, solid concentration, impacting particle

trajectory and microstructural orientation.

Pearlitic microstructure exhibits enhanced erosion resistance compared to
ferrite at every single erosion condition used in this study due to its lamellar
structure, which is more effective in absorbing the impacting particle

energy.

API X120 and AISI 1080 steel show higher erosion resistance while AISI

1018 steel shows higher erosion rate.
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5.1 Contributions

This research is original and expands our knowledge in the area of erosion of carbon
steel and API X-series steels used in manufacturing oil and gas transportation

pipelines. The contribution of this research work is listed below:

1. The effects of slurry velocity and concentration on erosion behavior were

detected.
2. Effectively characterized the eroded profile by identifying different zones.

3. Dominant erosion mechanisms under different environmental conditions were

identified.

4. Successfully explored the effect of microstructure on erosion behavior of carbon

steel.
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It is important to note that the findings of this research have resulted in 3 conference

presentations/posters and in the following 4 journal papers:

1. T. Alam and Z. N. Farhat, “Slurry Erosion Surface Damage Under Normal
Impact for Piprline Steels,” ASME, (2016) (Under Review).

2. T. Alam, M. Aminul Islam, and Z. N. Farhat, “Slurry Erosion of Pipeline Steel:
Effect of Velocity and Microstructure,” ASME, vol. 138, no. 2, p. 021604, 2015.

3. Islam, Md. Aminul, Alam, Tahrim, Farhat, Z, Mohamed, Adel, Alfantazi,
Akram; ‘Effect of Microstructure on the Erosion Behavior of Carbon Steel”

Wear, 332-333 (2015) 1080—1089.

4. Islam, Md. Aminul, Alam, Tahrim, Farhat, Z; ‘Construction of Erosion
Mechanism Maps for Pipeline Steels” Tribology International, (2016). (Under

Review).
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5.2 Recommendations for Future Work

Based on the findings of the present work, the following subjects can be recommended

in particular for further studies:

1. Design a new specimen holder for current test rig to alter the impact angle
and generate more erosion data covering wider range of particle velocity

and impact angle.

2. Develop an erosion mechanism map for a wider range of slurry

concentration, impact angle and velocity.

3. Develop a comprehensive erosion model that takes microstructural effects

and erosion micro-mechanics into consideration.
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Appendix A

Materials Characterization
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Table A-1

Elements
C
Si
Mn
Cr
P
Cu
Ti
v
S
Mg
Mo
Na
Ni
4
Nb
Zn
Zr
Ta
Te
Ge
In
K
La
Li
Fe

Inductively Coupled Plasma Mass Spectrometry (ICP) analysis for
carbon and pipeline steels.

AISI 1018
0.182
0.095
0.754
0.181
0.040
0.186
0.008
0.001
0.021
0.001
0.052
0.003
0.173
<0.005
<0.001
<0.005
<0.001
<0.010
<0.010
<0.010
<0.010
<0.005
<0.001
<0.001

balance

ATST 1080
0.814
0.120
0.598
0.122
0.040
0.230
0.001
0.021
0.014
0.002
0.012
0.003
0.055
<0.005
<0.001
0.006
<0.001
<0.010
<0.010
<0.010
<0.010
<0.005
<0.001
<0.001

balance

API X42
0.169
0.067
0.372
0.027
0.040
0.008
0.002
0.001
0.004
0.002
0.001
0.005
0.006
<0.005
<0.001
<0.005
<0.001
<0.010
<0.010
<0.010
<0.010
<0.005
<0.001
<0.001

balance

112

API X70
0.061
0.150
1.223
0.018
0.010
0.008
0.015
0.028
0.002
0.001
0.001
0.004
0.006
<0.005
0.057
0.001
<0.001
<0.010
<0.010
<0.010
<0.010
<0.005
<0.001
<0.001

balance

APIX80 API X100

0.14
0.12
0.55
0.06
0.01
0.02
0.004
0.03
0.001
0.001
0.001
0.0004
0.019
0.005
0.0021
0.001
<0.001
<0.010
<0.010
<0.010
<0.010
<0.005
<0.001
<0.001

balance

0.103
0.151
1.221
0.070
0.010
0.009
0.018
0.036
0.001
0.002
0.009
0.004
0.007
0.021
0.058
0.001
<0.001
<0.010
<0.010
<0.010
<0.010
<0.005
<0.001
<0.001

balance

APT X120
0.14
0.13
0.56
0.07
0.01
0.019
0.001
0.01
0.001
0.001
0.001
0.0003
0.019
0.005
0.0025
0.001
<0.001
<0.010
<0.010
<0.010
<0.010
<0.005
<0.001
<0.001

balance



