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ABSTRACT

Super Duplex Stainless Steels (SDSS) are widely used in offshore oil and
gas industrial components. They are dual phase materials consisting of ferrite and
austenite in similar ratios with high contents of chromium and presence of
molybdenum. This combination of microstructure and chemical composition results
in enhanced mechanical strength and corrosion resistance. However, this material
has poor machinability, exhibiting the following characteristics: (i) tendency to
strain-harden; (ii) extreme adhesive behaviour; and (iii) high cutting temperatures.
These circumstances not only result in high tool wear rates, but also lead to poor
surface integrity due to the work hardening effect, high roughness and tensile
residual stress. To minimize these detrimental effects, PVD coating technologies
have been widely applied to cutting tools due to their tribological properties
exhibited during cutting, which reduce friction and diminish heat. In this work, three
different PVD coatings were tested during the turning of super duplex stainless
steel of grade UNS S32750. In addition to the tool performance, surface integrity
was assessed by surface texture analysis, residual stresses and hardness profile.
The electrochemical behaviour of the machined surface was evaluated by
potentiodynamic anodic polarization measurements. Stress cracking corrosion
(SCC) tests were also performed. Results indicate a relationship between the tool
performance and surface electrochemical behaviour, where the tool with best

cutting performance, AITIN, also presented the best electrochemical behaviour.



Stress cracking corrosion was found to be associated with residual stresses on the
workpiece, among the three tested PVD coated tools the AICrN/TiSIN showed
lowest tensile residual stresses and lowest SCC susceptibility. The surface
generated by AITIN coated tool presented the highest levels of tensile residual

stresses, resulting in a higher SCC susceptibility.
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THESIS OUTLINE

This thesis is separated into six chapters, which are briefly described as
follows:

CHAPTER 1 — INTRODUCTION: The motivation and the primary research
objectives of this research are presented in this chapter.

CHAPTER 2 — LITERATURE REVIEW: All major concepts, theoretical
references and other relevant studies are presented in this chapter to provide
sufficient background for this research. This chapter can be separated into four
main points: the material, the process, surface integrity and corrosion.

CHAPTER 3 - EXPERIMENTAL PROCEDURE: The methodology,
experimental setups, test parameters and sampling are detailed in this chapter.
The experimental procedure is separated into four parts: workpiece
characterization, cutting tests, surface integrity evaluations and corrosion tests.

CHAPTER 4 — RESULTS AND DISCUSSION: The experimental results
obtained in this study are presented and assessed in detail.

CHAPTER 5 — CONCLUSIONS: In this chapter, the main conclusions of the
research will be stated on the basis of the results achieved during the experiments.

CHAPTER 6 — SUGGESTION TO FUTURE WORKS: Based on the results

achieved in this study, other related aspects are recommended for future study.

XVi
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CHAPTER 1 - INTRODUCTION

The oil and gas industry represent a considerable share of the world
economy and is still one of the primary sources of energy. Unique materials are
used in the equipment and machinery throughout the entire chain of production,
which feature enhanced mechanical properties and elevated corrosion resistance
to handle the aggressive work conditions. Usually, offshore oil reserves are located
up to 350 km from the coast and reach depths of up to 7 km, under a thick layer of
marine water, rocks and salt. Components employed in the extraction process
operate under an extremely corrosive environment, high mechanical loads (sea
currents, internal and external pressures) and direct contact with a hard substrate.
Preventing component failures in such applications requires strict material
selection. New grades of stainless steels emerge as an ideal class of materials to
be used in the components and pipelines for offshore oil extraction.

Considering the above requirements, super duplex stainless steel (SDSS)
features enhanced mechanical properties and elevated corrosion resistance,
which is ideal for the aforementioned applications. These outstanding material
properties are associated with the presence of a dual microstructure composed of
ferrite and austenite, as well as the high content of Cr as well as presence of Ni,
Mo and N.

The manufacturing process of such components requires multiple

machining operations. This is because during the cutting process, conventional
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machining technologies are inadequate for SDSS workpiece materials, due to their
high strain hardening tendency and low thermal conductivity. The cutting process
of this material is strongly characterized by the high amount of material adhesion
onto the rake face, elevated cutting forces and cutting temperature, as well as
problematic chip formation/evacuation. The aforementioned issues could naturally
promote severe damage in the machined surface due to excessive residual

stresses and surface defects.

1.1 - MOTIVATION

Enterprises are continuously searching for solutions to improve the
machining process of this material. A natural approach is the surface engineering
of cutting tools via the deposition of a micrometric-thick layer of a composite
material with enhanced mechanical and thermal properties, generally by means of
Physical Vapour Deposition (PVD) or Chemical Vapour Deposition (CVD). These
technologies provide extra wear protection to the tool substrate, increasing the tool
life and productivity of the machining process [1].

However, tool life improvement is not the only concern of offshore oll
extraction industry. Process performance is pointless if the manufacturing methods
produce surface and material flaws that compromise the component functionality
in terms of mechanical properties and corrosion resistance. Even if the material

possesses elevated corrosion resistance, the combination of poor surface integrity,
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external forces and corrosive atmosphere can lead to early component failure [2],
[3]. A better understanding of surface integrity is needed to mitigate the poor
performance and excessive maintenance of oil and gas systems.

The most important concern of the machined products used in oil and gas
offshore operations is the control and prediction of corrosion behavior [4]. The main
goal of this is to reduce excessive maintenance costs and lower the risk of
complete oil extraction system failure that can cause an environmental
catastrophe.

Tool wear performance, surface integrity after machining and material
corrosion behaviour need to be evaluated and discussed in greater detail. This
work seeks to understand the corrosion of SDSS components due to detrimental
surface integrity states by selecting the appropriate coated cutting tools during the

manufacturing process.
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1.2 - RESEARCH OBJECTIVES

The main goal of this study is to evaluate the impact of the three PVD coated
tools on the surface integrity and the localized corrosion susceptibility, including
stress cracking corrosion (SCC) of SDSS. The specific research objectives in this

work are described as it follows:

1. Tool life and wear analysis of an AITIN and AICrN monolayer PVD coated
tool with an established benchmark AICrN/TiSIN multilayer PVD coating
during the turning process of super duplex stainless steel under finish
cutting conditions.

2. Evaluation of the surface integrity in terms of surface roughness, work
hardening and residual stresses of each machined surface produced by the
coated tools.

3. Investigation of the localized corrosion susceptibility of machined super
duplex stainless steel exposed to detrimental conditions.

4. Assessment of the effect of surface residual stress on the material’s stress

cracking corrosion susceptibility.
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CHAPTER 2 - LITERATURE REVIEW

2.1 — SUPER DUPLEX STAINLESS STEELS

2.1.1 — General characteristics

Super duplex stainless steels are a grade of stainless steels whose
microstructure is composed of ferrite (a) and austenite (y) in approximately equal
volume fractions [5], [6] as shown in figure 1. This type of material has outstanding
mechanical strength and excellent corrosion resistance due to its balanced
microstructure and chemical composition rich in Cr, Ni, Mo and N [7]. The lower
content of Ni when compared to another austenitic grades and presence of Mo and
N, results in an alloy with lower cost and greater corrosion resistance. The
combination of its two phases results in better corrosion resistance compared to
purely ferritic stainless steel grades, as well as higher strength compared to purely

austenitic ones [6], [8].
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Figure 1: Super duplex stainless steel microstructure under SEM. Ferritic matrix
with islands of austenite.

The corrosion resistance of SDSS can be attributed to the high content of
alloying elements in its chemical composition. Despite their excellent pitting
corrosion resistance, super duplex stainless steels are not invulnerable to
corrosion, as microstructural defects, secondary phases and grain size play a
relevant role [7].

The alloying elements that contribute the most to the localized corrosion
susceptibility of SDSS are Cr, Mo and N. Differences in corrosion resistance can
exist between ferrite and austenite which is given by two main factors: (i) selective
distribution of the aforementioned elements in these phases [7], [9]; and (ii) the

galvanic corrosion effect that the two phases can have among themselves [10].
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The corrosion resistance of the material can be empirically evaluated via the
Pitting Resistance Equivalent Number (PREN). This value is derived from equation
1, where the weight percentage of Cr, Mo and N are used as input [11]. Is important
to note that Mo and N have a higher contribution for corrosion resistance than Cr,

given by the multiplier factors.

PREN = %Cr + 3.3%Mo + 16%N Equation 1

Duplex stainless steel grades are expected to yield PREN values greater
than 20, and super duplex stainless steels over 40 [12]. The typical chemical
composition, according to ASTM A890/890M, of UNS S32750 stainless steel gives

PREN values of around 42. The chemical requirements of this alloy are shown in

Table 1 [12].
Table 1: Chemical requirements UNS S32750 [12].
Chemical Requirements
Material Elements (wt.%)
C Mn P S Si Cr Ni Mo N Co W Other
UNS $32750
0.03 | 1.50 | 0.04 | 0.04 | 1.00 | 24.0-26.0 | 6.0-80 | 4.0-5.0 | 0.10-0.30 | N/A | N/A N/A

Apart from its excellent corrosion resistance, this material is susceptible to
localised pitting corrosion and even SCC [5], [13]. A well-balanced microstructure

tends to reduce the susceptibility of both effects [14], [15]. The localized corrosion
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and SCC susceptibility of SDSS is a subject of detailed analysis further in this

study.

2.1.2 — SDSS microstructure

The microstructure of super duplex stainless steel consists of an optimized
combination of alloying elements as well as a controlled cooling process, which
results in the stable formation of ferrite and austenite [5], [8]. A very convenient
representation of the alloying elements in the microstructure of stainless steels is
given by the Schaeffler diagram, which plots the boundaries of austenite, ferrite
and martensite in terms of equivalent Cr and Ni at room temperature [16]. The
equivalence of Cr and Ni is an empirical relation accounting for other elements that

have the same function of Cr and Ni in the stainless steel microstructure [16].
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Figure 2: Schaeffler diagram [based on [16]].

The unbalanced alloying and processing of SDSS can cause the nucleation
of undesired secondary phases in the material microstructure due to its complex
precipitation behaviour [8]. According to Nilsson in super duplex stainless steel with
25%Cr and 7%Ni, the only phases that are thermodynamically stable between
1000°C and 1200°C are ferrite and austenite. A large variety of undesirable
secondary phases are formed between 300°C and 1000°C. To illustrate the effect
of temperature and composition, Figure 3 shows the phase diagram of the Fe-Cr-
Ni system, where a microstructure of ferrite and austenite in the nucleating region

is highlighted in green.
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Figure 3: Fe-Cr-Ni system phase diagram [based on [17]].

Since ferrite has a higher diffusion rate, all relevant secondary phases
precipitations can be found in this phase. A few different types of secondary phases
can be found in the SDSS microstructure, with the most common being: sigma (o),
chi (), alpha prime (o), secondary austenitic (y2), R phase and chromium nitrides.
Their formation is the result of the diffusion of alloying elements out of ferrite and
austenite, where each secondary phase has its mechanism and temperature range
of formation. Their presence results in localised corrosion and ductility loss, tending
towards to a brittle failure. Figure 4 shows some of the secondary phases in the

SDSS matrix.

10
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5um

Figure 4: Secondary phases chi, sigma and secondary austenite among ferrite
grains [reprinted from [8], with permission].

2.1.3 — Effects of alloying elements

Similar to other steels, stainless steels are iron-based alloys that have Cr
and Ni as major alloying elements, making them resistant to oxidation in normal
atmospheres [18]. Other alloying elements such as Mo, N, Ti, Si can be included
to obtain specific properties. Some common alloying elements and their intended
functions are briefly described below [18]-[20]:

e Chromium: Enhances corrosion resistance by forming a passive layer on
the surface and improves the mechanical properties due to the hardening

effect of the solid solution.

11
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e Molybdenum: Stabilizes the ferrite formation. Increases pitting and crevice

corrosion protection by the formation of molybdate ion film, improving the

corrosion resistance in aggressive environments (acid/chlorides rich).

e Nickel: Accelerates the solid solution solidification process, resulting in

higher ductility and extends the austenite stability range.

e Nitrogen: Increases the austenite corrosion resistance in acid environments

and assists its formation when its composition is between 0.1-0.35%. It also

delays the precipitation of intermetallic phases.

e Carbon: Elevates the material hardness and wear resistance by forming

carbides with Ti, Ta and Ni also present in the chemical composition. Their

content must be limited to prevent nucleation of detrimental chromium

carbides.

e Sulfur: Though usually considered to be a contaminant, however in small

amounts and associated with manganese, it forms manganese sulfide

(MnS) which can improve machinability.

e Silicon addition between 0.5-5.0% improves wear and heat resistance.

Tungsten usually increases the pitting corrosion resistance and helps avoid

sigma phase nucleation.

12
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2.1.4 — Mechanical properties

The mechanical properties of SDSS are a combination of the mechanical

properties of ferrite and austenite [21]. The tensile strength of the alloy is more

influenced by the ferrite due to its high values of yield strength. However, the

nitrogen content in the austenite may contribute to the formation of a stronger

phase than ferrite [22]. Additional strengthening is given by a hardening effect of

the alloying elements [5]. Some tensile strengths along with elongation data, are

displayed in Table 2.

The toughness of SDSS can be attributed to the ductile austenitic phase,

which can impede ferrite fracture [5]. In terms of temperature, SDSS undergoes a

transition from a ductile to brittle state near -50 °C, becoming brittle above 300 °C

due to the precipitation of secondary phases [9], [14], [23].

Table 2: Mechanical properties of UNS S32750 [17].

Stress at 0.2% Ultimate Tensile . o 0\

Al UNS elongation (MPa) Strength (MPa) SREEIEN (i) 6
Austenitic $31603 170 485 40
S31254 300 650 35
. $40900 205 380 20

Ferritic
S$44700 415 550 20
$32304 400 600 25
Super duplex

$32750 550 795 15
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2.1.5 - Physical properties

Similar to mechanical properties, the physical properties of SDSS lie in
between those of ferritic and austenitic steels. They have higher thermal
conductivity than austenitic stainless steels due to the presence of the ferritic
phase. However, this results in less thermal expansion [17]. These characteristics
are beneficial for thermal cyclic applications, where the working temperatures are
under 300 °C. Table 3 shows the specific heat capacity and the thermal

conductivity for an austenitic, a ferritic and a super duplex stainless steel grade.

Table 3: Thermal properties of different stainless-steel grades at 20 °C [17].

Specific heat Thermal Thermal expansion
Alloy UNS capacity (J/Kg K) conductivity coefficient (10 /K)
(W/m K)
Austenitic $30400 520 16 16
Ferritic S43000 480 22 10
Super duplex $32750 470 14 13

2.2 — MACHINING

As described by Trent et al. [24], the term metal cutting, or machining,
describes operations where a thin layer of metal, the chip, is removed by a harder
wedge-shaped tool from a larger body. This process is widely used in industry to
shape metals and other materials for a wide range of applications at a cost of

billions of dollars per year.
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The cutting process is characterized by the relative movement between the
tool along the workpiece promoting shearing and being governed by process
parameters such as cutting speed, feed rate, tool engagement (depth of cut), tool
geometry, cooling technique and workpiece material. Variations in these
parameters will result in process output changes such as surface integrity, cutting
temperatures and forces. In this section, the most essential metal cutting aspects
will be discussed to understand the wear mechanisms and surface integrity during

this process.

2.2.1 — General aspects of metal cutting

The metal cutting process constitutes a complex behaviour, in which high
strain rates, temperatures and forces are produced in the cutting zone. Regardless
of their differences, all cutting processes have the same phenomena occurring in
the cutting region. A schematic drawing of the cutting region is presented in Figure

5.
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Where:
e t: Undeformed chip a

thickness
e tc: Chip thickness
* ¢: Shear angle

o Tool rake angle

e Tool

¢ Secondary Shear
- /
/ > Deformation Zone (SSDZ)

/
Primary Shear Tertiary Shear
Deformation Zone (PSDZ) Deformation Zone (TSDZ)

Figure 5: Primary, secondary and tertiary cutting zones schematics [based on
[25]].

The diagram displayed in Figure 5 illustrates the main points of interest in
the cutting zone, which are the three shear zones. In these areas, essential
phenomena that govern the process take place. All plastic deformation associated
with the metal cutting process occurs in the Primary Shear Deformation Zone
(PSDZ), where a certain amount of material with volume V and thickness t is fed
toward the cutting edge, suffering severe plastic deformation on the shear plane
oriented at ¢ degrees and consequently consuming a high amount of energy [26].

In the Secondary Shear Deformation Zone (SSDZ), frictional work takes
place on the tool rake surface, where a portion of plastically deformed material
(chip) with thickness tc (where tc is higher than t) flows along the rake face (oriented
by a angle), generating extremely high stresses. The Tertiary Shear Deformation

Zone (TSDZ) is created by the friction of the clearance face of the cutting tool with
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the workpiece, which results on tool wear and directly affects the surface integrity

of the machined surface [26].

2.2.2 — Friction

The chip characteristics can carry useful information regarding the cutting
process, where a considerable amount of friction energy is dissipated in the chip-
tool region due to strong interaction with the tool. However, it is impossible to
assess the phenomena that occur on the chip-tool interface by direct observation
because this region of interest is obstructed by the material during the cut.

The flow of the chip over the tool promotes severe tribological conditions,
directly influencing the chip-tool contact length, frictional and normal forces,

shearing velocity and stress, as well as temperature and tool wear.

2.2.3 — Cutting temperatures

Almost all the total energy produced by the cutting process is transformed
into heat within the shear zones by plastic deformation and friction. Literature
states that these effects are directly influenced by cutting parameters and
workpiece materials. Additionally, the heat of each shear zone will affect the cutting

process in a different way [25], [26].
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The heat generated on the PSDZ has almost no influence on the tool
temperature since a significant part of it is dissipated through chips and transferred
into the workpiece. In excess amounts, it can lead to residual tensile stresses,
contributing to crack initiation and propagation [26]. In case of SSDZ, the heat goes
into the cutting tool, which accelerates the tool wear.

Therefore, to produce a part with adequate surface finish and acceptable
tool life, it is necessary to have proper heat control. One method of providing heat
resistance to the tool is surface engineering by means of coating deposition on the

tool surface.

2.2.4 — Cutting forces

Cutting forces are an essential parameter of the machining process. Apart
from determining the amount of power consumed during the cutting process, the
cutting forces are the response of the combined effect of the system (clamping,
materials, cutting conditions and cooling/lubrication). Cutting forces can be
measured during machining as indicators of tool condition and material’s
machinability index [24], [26]. According to Trent et al. [24], the cutting forces are
influenced by shear yield strength, other material properties and modifiers. In
Figure 6, a tridimensional simple turning process is shown. Three force

components are acting on the tool during this operation [24]:
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e Cutting Force (Fc): Acting in the cutting direction, perpendicular to the
cutting edge.

e Feed Force (Ff): Acting parallel to the feed direction.

e Force in Z direction (Fz): Force component normal to the Fc-Fr plane. It is
the smallest component of the system and tends to push the tool away from

the workpiece.

Figure 6: Turning forces directions [based on [26]].

The current technology used to assess the forces are quartz crystal
dynamometers, specially designed for machine-tools. This technology replaced
previous instruments, such as hydraulic and strain gauges, due to its better thermal

stability and small cross-sensitivity between directions [26].
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2.2.5 — Machinability of stainless steels

Machinability refers to the difficulty of a material’s machining, which cannot
easily be expressed in quantitative terms, being instead used as a qualitative
property [24], [25].

Generally, all grades of stainless steels (SS) feature difficult to cut behaviour
due to their mechanical and thermal properties, which commonly consist of high
temperatures, forces and wear rates, material adhesion on the tool and poor
surface finish [26].

Among the existing grades of stainless steels, duplex and super duplex
grades exhibit the more intense condition of temperature, forces and adhesion
during machining. The main concerns of duplex and super duplex machining are
[26]-[28]:

e High adhesive behaviour combined with mechanical strength and work
hardening result in high cutting forces, which can lead to the chipping of the
cutting tool.

e Low thermal conductivity and severe friction conditions promotes elevated
cutting temperatures, causing the emergence of diffusion and oxidation tool
wear mechanisms.

e Early tool failure and considerable surface damage as consequence of this

severe processing.
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2.3 - CUTTING TOOLS

Appropriate cutting tool selection is one of the main factors of a successful
cutting operation where tool shape, material and coating need to be matched with
the type of operation, workpiece material and cutting conditions [25]. The tools are
under elevated compressive stresses during cutting (continuous and intermittent)
and temperatures, and therefore need to possess enhanced hardness, fracture
toughness, chemical and thermal stability, as well as fatigue resistance [26].
Considering the several cutting tool material options (HSS, carbide, ceramic, CBN
and diamond), cemented carbide tools will be used in this work due to their

widespread applications in industry and suitability for the process.

2.3.1 — Tool wear

Tool wear is inherent in the cutting process, where wear mechanisms and
modes depend on the workpiece and tool material, as well as cutting conditions.
One focus of metal cutting research is the development of cutting performance
based on tool wear studies.

Stephenson and Agapiou [26] describe five different wear mechanisms:

adhesive, abrasive, diffusion, oxidation and chemical wear.
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¢ Adhesive wear is characterized by chip adhesion or welding to the tool due
to the friction. Detached microscopic parts of the tool are carried away with
the chip flow.

e Abrasive wear is caused by the interaction of hard particles present in the
material with the cutting tool.

e Diffusion wear occurs when temperature and contact cause the tool material
components to diffuse into the chip.

e Oxidation is the reaction between tool components (mainly binder) and
atmospheric oxygen.

e Chemical wear is produced by chemical reactions between the tool and the

workpiece present on both the flank and rake faces.

In addition to these five wear mechanisms, several other wear types can be

associated with mechanical and thermal effects. Figure 7 illustrates some extra

tool wear modes such as plastic deformation, thermal and mechanical cracks.
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Figure 7:Tool wear types on cutting tools [reprinted from [19] with permission]:
(a) flank wear; (b) crater wear; (c) notch wear; (d) nose radius; (e) thermal cracks;

() mechanical cracks; (g) built-up edge; (h) plastic deformation; (i) edge chipping;
()) chip hammering; (k) gross fracture.

2.3.2 — Coating technologies

Cutting process conditions are highly unfavourable to the cutting tools, in
which the process performance is directly related with their integrity. Among the
current technologies focusing on process performance and tool life improvement,
the application of coatings to the cutting tools is the most widespread. Its main
objective is to deliver enhanced mechanical and thermal properties to the plain
tooling substrate.

Deposition technologies can be separated into two distinct processes:

Chemical Vapour Deposition and Physical Vapour Deposition. The PVD process
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requires less temperature than CVD due to its ionisation method, where the atoms

are attracted to the tool by the bias charge [24].

2.4 — SURFACE INTEGRITY AFTER MACHINING

The material selection for engineering components is driven by the bulk
properties of the material having to meet the operational demands. For a range of
applications however, the surface properties will control material behaviour by
assuming different functions in complex environments. In these cases, the
component performance is the result of the material surface characteristics,
exposed area and environmental conditions [29].

The concept of surface integrity (Sl) is given by the natural condition of a
surface produced by machining and other surface processing techniques, where
the process parameters contribute to the main surface characteristics. For
example, a surface generated by rough turning will be different from a fine ground
surface or a polished surface and so on. Surface integrity not only concerns
topological aspects, but also mechanical, physical, metallurgical and biological
ones as well. Among the abnormalities found on surfaces, the most common are
plastic deformation, cracks and microcracks, work hardening effects, phase

transformation, residual stresses and material tear [29].
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2.4.1 — Surface topography and texture

This characteristic refers to the physical features of an area, which in Sl is
highly dependent on the tool used in the process, as well as machining conditions
and the dynamic properties of the system. For example, use of a worn tool along
with vibrations in the system will produce a different surface in rough turning than
during finish turning with a new tool and a more rigid system [25], [29].

The surface texture characterization consists of the analysis of micro-
geometric deviations, such as grooves, cracks and microfeatures without the
influence or macro-geometric distortions such as waviness [29]. The most popular
parameter of surface integrity assessment is the arithmetic average roughness Ra,
which is widely used as a surface specification of manufactured parts. This
parameter is derived from the arithmetic average of the deviations (peaks and
valleys) about a profile centerline within a determined length, as shown in Figure

8. The higher the values, the rougher is the surface.
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Figure 8: Arithmetic average roughness parameter Ra [based on [29]].
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2.4.2 — Residual stresses

Residual stresses are static triaxial stress states that are in equilibrium
without any influence of external forces/momentums. These stresses are formed
due to external and internal factors such as thermal and mechanical loads, phase
transformations and diffusion processes that promote strain incompatibilities in the
microstructure under conditions of volumetric equilibrium [29].

Tensile and compressive are the two different kinds of residual stresses,
each having different effects on the manufactured part. Compressive stresses have
a beneficial impact on the surface, as the superficial shrinkage prevents crack
initiation and propagation, which is crucial to the component’s fatigue strength.
Conversely, due to their orientation the tensile residual stresses can easily
nucleate and propagate cracks, which is undesirable for fatigue and stress
corrosion applications [29].

The concept of acceptable component service life must be taken into
consideration during the design stage. To achieve this, not only is proper material
selection essential for the given work conditions, but also appropriate surface
processing and material treatment to prevent detrimental aspects of residual

stresses.
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2.5 - CORROSION

Corrosion is an inherent aspect of any metal or metallic alloy, affecting
everything from inexpensive household steel objects to massive industrial
machinery. The well-known detrimental corrosion effects combined with severe
operational conditions can catastrophically damage any functional component.
Many industrial sectors such as chemical, oil and gas, aeronautical, construction
and electric power generation are susceptible to corrosion effects to some degree.
As such, the economic and safety consequences of corrosion need to be
considered during the project stage and operation. The costs associated with
corrosion go beyond than just maintenance and prevention. Negligence can result
in the loss of efficiency, contamination, plant downtime, higher maintenance costs,
as well as serious risks to the environment and health. Corrosion failures of high-
pressure boilers, nuclear reactors and oil pipelines demonstrate the importance of
corrosion prevention.

Several major characteristics of corrosion are outlined, followed by

corrosion mechanisms and aspects that specifically concern stainless steels.
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2.5.1 — Definitions

Corrosion is a destructive chemical reaction between a metal or alloy and
the environment. These reactions revert the metal atoms to their natural state,
which then become bonded to other chemical compounds, forming products that
are similar or even identical to their original mineral form [30].

In almost all corrosion processes of metals dissolved in aqueous solutions,
electron transfer occurs between two parts. The following expression illustrates the

reaction mechanism between metallic zinc (Zn) and hydrochloric acid:

Zn+ 2HCl = ZnCl, + H, Equation 2

Since it is an acid solution, the two molecules of HCI are in the ionic form of
2H* and 2ClI, zinc reacts with this solution by releasing two electrons that are
absorbed by the two H* atoms, forming H2 gas. At the same time, zinc assumes a
new valence of Zn*2, remaining in its ionic form within the solution. Equation 3
expresses the oxidation of zinc, whose valence increases from 0 to +2. This is

known as an anodic reaction where é represents the electron.

Zn - Zn*? + 2é Equation 3
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Equation 4 shows the cathodic reaction of a hydrogen ion in combination
with two electrons from zinc. The hydrogen valence decreases from +1 to 0. Both
Equations 3 and 4 are also known as half-cell reactions since together they

represent the full electrochemical reaction:

2H* +2é =H, Equation 4

The ionic solution carries the flow of ions from the anode to the cathode
completing the electrochemical system. All corrosion reactions in aqueous
environments, either in liquid or vapour form, are considered to be electrochemical
reactions. Without the presence of water, only corrosion reactions where transfers

of electrons occurs are also considered electrochemical [30].

2.5.2 — Polarization and passivity

To gain a better understanding of the corrosion mechanisms, two concepts
must be illustrated. The concept of polarization is used in experimental procedures
to enable detailed studies of active-passive behaviour of materials, as well as
passive film formation and growth [30].

The polarization mechanism is given by the change in the half-cell
equilibrium potential. Depending on its direction, polarization will promote an

abundance or lack of electrons in the reactive surface, increasing the tendency of
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one half-cell reaction over the other. In the previous zinc and hydrochloric acid
reaction, if more electrons are made available on the zinc surface, the potential will
drop from the equilibrium and promote the cathodic reaction, consequently slowing
the anodic reaction rate, which is known as cathodic polarization. The opposite is
also true. If the surface potential is positively higher than the equilibrium due to a
lack of electrons, the tendency of anodic dissolution will increase due to the anodic
polarization [30].

During the corrosion process, both cathodic and anodic half-cell reactions
co-occur on the conductive surface where each reaction has its electric potential.
In an equilibrium state, no potential is predominant over the other. Instead, there
is one common intermediate potential called the corrosion potential (Ecorr) [30].

The concept of passivity is the decrease in the corrosion rate (corrosion
resistance) after a given potential (Epr), even in the presence of a high corrosive
driving force (anodic polarization). Many metals and alloys can exhibit this type of
passivation, followed by a considerable reduction in the corrosion rate. This
behaviour is caused by the formation of thin protective hydrated oxide films on the
surface as a consequence of the corrosion process, who act as a barrier that slows
down the anodic dissolution. Elements such as Cr and Ni enhance passivation in
stainless steels. The passivation of an alloy, is highly dependent on the oxidation
power of the solution, where the alloy can be in its active state below the critical
potential or in its passive state above the critical potential [30]. Figure 9

summarizes these concepts in a polarization chart.
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Figure 9: Typical polarization curve [based on [30]].

2.5.3 — Corrosion of super duplex stainless steel

The superior corrosion resistance of super duplex stainless steel is already
well-known to be a result of its chemical composition and microstructure. However,
even with its superior properties, the alloy is still susceptible to corrosion, mainly
by pitting and stress corrosion cracking [5],[3],[7].

Pitting is a localised form of corrosion with rapid penetration within small and
discrete areas. In stainless alloys, this type of corrosion tends to occur in neutral
to acidic pH as well as chloride-rich environments, where the pitting corrosion

susceptibility increases when the temperature also increases. A failure in the
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passive film protecting the surface at isolated sites causes the emergence of this
type of corrosion, which tends to be unpredictable and hard to detect due to the
presence of pits covered by insoluble corrosion products. Pitting occurs on an
exposed surface, where a small volume of solution is enclosed in the pit geometry
after a cavity is formed, which promotes localized acidification and consequently
a higher corrosion rate [30]. Figure 10 shows the effects of pitting corrosion on a

surface.

Pitting

S

Figure 10: Typical pitting corrosion geometry [based on [30]].

The material undergoing stress corrosion cracking (SCC) has brittle
characteristics at a relatively low tensile stress applied to the component exposed
to a corrosive environment. In case of stainless steel, hot and chloride rich
solutions promote cracks on the material surface. The applied stresses do not have
to be highly intense to develop stress corrosion cracking but will only require a
longer time to reach failure. Assembly misalignments and uneven thermal
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expansion/contraction are examples of low-intensity stresses that can cause SCC.
The cracks can propagate through the grains (transgranular) or even in between
grains (intergranular), as shown in Figure 11, always normal to the tensile
component. The electrochemical potential plays a slightly different role in SCC than
in pitting type of corrosion. While a passive film is necessary for SCC to occur, it is
more likely in potentials that destabilize the film. In many cases, although not

mandatory, corrosion pits on the surface can act as starting points for SCC [30].

Intergranular

(b)

Intragranular

Figure 11: Intergranular (a) and transgranular (b) stress corrosion cracking
propagation diagram [based on [30]].

33



M.A.Sc. Thesis — Edinei Locks Jr. - McMaster University — Mechanical Engineering

The theoretical base presented in this chapter illustrated that major
characteristics of SDSS are a result of its microstructure and high alloy content,
which has an impact on the machining process characteristics, surface integrity
and its functional performance/corrosion resistance. The proposed method of
studying the effects of PVD coated tools on the machining performance and

corrosion of SDSS is detailed in the next chapter.

2.6 — STATE OF THE ART

The great concern regarding corrosion of SDSS is the detrimental effects of
the secondary phases in terms of localized corrosion. The current studies
investigated the degradation of corrosion resistance and mechanical properties of
SDSS due the induced formation of detrimental secondary phases by different
thermal treatments [9], [23], [31], [32].

Welding of SDSS is a common operation for part of chemical and
petrochemical machinery. However, proper microstructure control is quite difficult
for this operation since the material goes through rapid heating and cooling
process, favouring formation of deleterious phases. Different studies were
performed regarding the welding effects in the microstructure, corrosion resistance
and mechanical properties [19], [22], [33], [34]. SCC was also studied in welding

joints at low strain by Tavares et al. [13].
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Machining of SDSS is also a common industrial operation. Krélczyk et al.
[35] performed a general machinability study of two different commercial carbide
coatings during machining of SDSS at different cutting conditions. Paiva et al. [28]
studied the performance of three different coated tools at fixed industrial cutting
conditions where a deeper coating analysis was performed. Both on them analyzed
the material microstructure after cutting. Bordinassi et al. [36] studied the effect of
different cutting conditions on the SDSS surface integrity in terms of surface
roughness, residual stresses and microstructural modifications.

Two different studies show the effect of machining in the corrosion of SDSS.
The first study, done by Oliveira et al. [37], consisted in analyze the pitting density
after machining using different cutting speeds and coolant pressure. While
Rajaguru et al. [3] studied the SCC susceptibility of SDSS after tensile residual
stresses being induced by a machining process without the use of any kind of
cooling method.

This research is a complement to the previous ones here described, since
the role of different PVD coatings applied to the cutting tools was not yet related

with the corrosion and SCC susceptibility of SDSS.
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CHAPTER 3 - METHODOLOGY

The experimental methodology used in this study is presented in this
chapter. A schematic model outlining the steps of the experimental procedure is
shown in Figure 12. The first step was the workpiece characterization, where the
material microstructure was analysed. The second step consisted of the machining
test, where tool life data, cutting force measurements and wear analysis were
conducted. Surface integrity studies were carried out on the machined surface
produced by each cutting tool, in which surface texture, hardness measurements
and residual stresses were evaluated. The final stage was a study of surface
corrosion susceptibility via polarization measurements followed by a stress
cracking corrosion specific test. Based on results of tool life, cutting forces and
residual stresses, additional X-ray photoelectron spectroscopy was performed to
analyze the chemical and microstructural transformations on AITIN and

AICrN/TiSIN tools.
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Figure 12: Experimental plan schematics.

3.1 - WORKPIECE CHARACTERIZATION

The tube stock material used in these studies was a super duplex stainless
steel UNS S32750 produced by V&M Tubes Solutions of Brazil. The material

chemical compositions provided by the manufacturer are displayed in table 4.

Table 4: Chemical composition of UNS S32750 tubes (V&M Tubes).

C Cr Ni

Mn Si Mo P Cu S W

0.03 25.0 7.12 1.13 0.65 4.0 0.029 0.78 0.018 0.61
N Zr Nb Al Co Vv Ti Pb Sn Fe
0.30 0.047 <0.001 <0.001 0.045 0.06 0.005 0.0012 0.086 Bal
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It is possible to input the chemical element content into Equation 1 to
estimate the pitting resistance equivalent number of the alloy. This input will result

in:

PREN = %Cr + 3.3%Mo + 16%N
PREN =25.0 + 3.3*4.0 + 16*0.3

PREN =43

To analyse SDSS microstructure a sample cross-section was cut parallel to
the axial direction of the tube (extrusion direction), mounted in epoxy resin and
metallographically prepared using conventional methods and etched in a solution
composed of 50 ml of HCI (50% v/v) + 10 ml of ethanol (C2HsOH) to differentiate
each phase. An optical microscope Keyence VHX-6000 was used to collect
microstructural images. The ratio of each phase was calculated using the image
processing software ImageJ. Figure 13 shows the material microstructure. The
SDSS microstructure on the analysed area was composed of 49% austenite and

51% ferrite.
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Figure 13: UNS S32750 microstructure.

3.2—-CUTTING TESTS

Cutting tests were performed by a turning operation on a Nakamura-Tome
SC-450 CNC turning machine under the following cutting conditions: (i) cutting
speed: 120 m/min; (ii) feed rate: 0.15 mm/rev; (iii) depth of cut: 0.5 mm; (iv) coolant
flow rate: 10 L/min.

A tubular SDSS geometry was chosen according to the dimensions in
Figure 14 due to be the same shape being used in industry, wherever it was

possible to replicate similar clamping and dynamic conditions.
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Figure 14: Workpiece shape and dimensions.

Cutting forces were collected for the first 50 meters of cutting length using a
Kistler 9121 type quartz 3-component force (Fx, Fy, Fz) dynamometer with
maximum measuring ranges of -3 kN to 3 kN on X and Y direction and -4 kN to 4
kN on Z direction. The natural frequency of the system was 10 kHz. A National
Instrument NI 9125 DAQ board was used for data acquisition, with a total resolution
of 16-bit, a voltage of +10 V and sampling rate of 5 kHz. The signal was amplified
by a Kistler 5010 amplifier with a maximum voltage of 50 V.

Sandvik CNMG120408-SM-H13A finishing inserts were selected for the
tests using three different PVD coatings commercially deposited by Oerlikon-

Balzers. Coating composition and architecture are presented in Table 5.

Table 5: PVD coatings composition and architecture.

Coating Composition Architecture
AICIN/TiSIN  AlsoCrsoN/TigsSisN Multilayer
AICrN AlsoCrsoN Monolayer
AITIN Alg7TizsN Monolayer
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The same multilayer coating as used in industry was selected as a
benchmark. The other two monolayer coatings were selected from literature due
to their solid machining performance and oxidation resistance.

The tool-life criteria were either an average flank wear/chipping of 300 um,
as described by ISO 3685, or a total cutting length of 3000 meters (maximum tool
life achieved in industry). The tool flank wear assessment was performed on a
Mitutoyo Toolmaker optical microscope equipped with digital micrometre heads.
Following the cutting tests, the wear was characterized by a Tescan Vega Il
scanning electron microscope (SEM).

In addition to wear characterization, X-ray Photoelectron Spectroscopy
(XPS) was performed for AITiN and AICrN/TiSiN tools on the rake face to determine
any structural or phase transformation during the cutting. The analysis was carried
on a Physical Electronics Quantera Il equipment with hemispherical Al anode
source and quartz crystal monochromator to focus the X-rays. The operating
pressure was around 1 x 10 Torr, where the samples were sputter-cleaned for 5
minutes each and the beam size used on the analysis was 55 pym for AITiN and

110 pym AICrN/TiSiN.
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3.3 — SURFACE INTEGRITY

To assess surface integrity following the cutting tests, three different
characterizations were performed: surface texture, hardness profile and residual
stresses measurement. Each kind of characterization is explained in detail in the

following topics.

3.3.1 — Surface texture

After machining experiments, surfaces produced by each PVD tool were
preserved and sectioned into smaller samples by waterjet cutting. Each coupon
sample was cleaned in an ultrasonic bath with ethanol for 280 seconds and then
scanned by a white light spectroscopy Alicona Infinite Focus optical microscope
equipped with focus variation technology. A random selected area of 1 mm? of each
sample was scanned with the 100x lenses. Form corrections were later applied to
neutralise the influence of the workpiece cylindrical shape, resulting only in the
surface profile. After corrections were made, the surface texture was computed by

the built-in surface texture module.
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3.3.2 — Hardness profile

Another set of coupon samples were mounted in epoxy resin and
metallographically prepared by conventional methods until a mirror-polished
surface was reached, followed by etching using the same reagent as described in
item 3.1. After etching, the samples were taken to microhardness analysis on a
Matsuzawa model MMT-X hardness tester using a Vickers indenter. Loads of 10 g
were applied for 10 seconds. The matrix had a total of 21 points divided into seven
lines and three columns, where the measurements started at 15 microns from the
machined surface, with a spacing of 30 microns present between each indentation.
The only exception was for the AICIN/TiSIN coated tool, since it presented a

deeper work hardening effect.

3.3.3 — Residual stresses

Residual stresses on the machined surface were measured by X-ray
diffractometry method on an LXRD diffractometer using Mn and Cr targets to
respectively analyse the austenitic and ferritic phase. The diffraction of austenite
was observed in the {311} plane with a Bragg Angle (20) of 152.8 degrees and the
ferrite diffraction in plane {211} with 156.4 degrees. A total of 20 measurements
were done for each sample in directions parallel (cutting direction) and orthogonal

(feed direction) to the tool grooves as shown by Figure 15. To assess the
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machining effect on the material surface, a mirror-polished SDSS sample was used

as a benchmark for this analysis.

Feed direction

uoi30341p 3uiIn)

Figure 15: Cutting and feed direction of SDSS machined sample.

3.4 — CORROSION TESTS

Two different corrosion tests were performed to assess the material
behaviour after machining; a set of potentiodynamic anodic polarization
measurements compared the corrosion susceptibility of the surfaces and a specific
stress cracking corrosion experiment correlated the surface integrity state of each
sample with SCC. The benchmark surface in both tests was a mirror-polished

SDSS sample, as discussed in item 3.3.3.
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3.4.1 — Potentiodynamic anodic polarizations

Coupons composed of each machined surface were prepared as working
electrodes in the polarization cell by being wired on the face opposite to machining
and coated with epoxy resin and PTFE tape, so that only the machined surface
was exposed to the environment. The reactive area of each sample was calculated
on a Keyence VHX-5000 optical microscope. The polarization measurements were
performed by a computer-controlled PAR EG&G Model 270 Potentiostat, as
described by ASTM G5, where a saturated calomel (KCI) electrode was used as a
reference and carbon rods served as counter electrodes. The electrolytic solution
used in this study had a total of 1 litre in volume composed by deionised water, 1
mol of sodium chloride (NaCl) and 1 mol of sulphuric acid (H2S0Oa4) at 90°C heated
by a hot plate with feedback control. A calibrated thermometer was used to
calibrate the hot plate feedback control. Solution deoxidation was done with humid
nitrogen gas (N2) for two hours. Once the temperature was achieved and
deoxidation was completed, the sample was inserted into the cell on an open circuit
until the potential was stabilised for at least 1000 seconds. The samples were
polarized from -0.3 Vsce to 1.3 Vsce about corrosion potential at a scanning rate of
1 mV/s. A set of three samples of each surface was tested for reproducibility. The
electrolytic cell setup as described is displayed in Figure 16(a), while Figure 16(b)

shows the sample preparation technique.
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) l‘

Figure 16: Electrolytic cell setup (a) and sample (b) used in the polarization
measurements.

To complement the polarization measurements a Cr content profile was
done on the machined layer. A JEOL JAMP-9500F FE-Auger microscope was
used to alternate between EDS analysis and sputtering material away, creating a
profile orthogonal to the machined surface. Besides sputtering capability, the auger

microscope was chosen due to its high special resolutions.
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3.4.2 — Stress cracking corrosion

The stress corrosion cracking experiment was conducted following an
ASTM G36 standard, where a 400 mL solution of hexahydrate magnesium chloride
was prepared using 600 g of reagent grade MgCl2-:6H20 and 15 mL of reagent
water. A hot plate with temperature feedback was used to heat and keep the
solution at a boiling point. After the boiling point was reached, the temperature was
adjusted to 155°C by adding water drops to the solution. A condenser was attached
to the cell to prevent excessive water evaporation and consequently, drastic
changes in concentration and temperature. To guarantee the correct temperature
of the system, a thermometer was assembled in the cell, which was continuously
checked during the test. Samples of around 1 cm? were cut from different parts of
the machined piece, reaching a total of nine samples, corresponding to 3 samples
of each machined surface plus an extra set of 3 mirror polished SDSS samples to
serve as benchmarks. The samples were held in a PTFE holder and the total test
was carried out in 2 hours. Following its conclusion, samples were cooled, cleaned
and the surface of interest was inspected by scanning electron microscopy. A total
of 20 images were randomly taken from an area of 0.5 cm? of each test sample in
order to average the surface state. Crack lengths were calculated using NeuronJ,
an add-on of ImageJ software. This add-on detected the different colour scales
between the cracks and the surface, which is an easy way to calculate the lengths.

The results are displayed in terms of crack density, which is the total crack lengths
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by unit of area. Later, cross-sections of each kind of samples, were
metallographically prepared in every direction and etched as described in section

3.1 to analyse the nucleation of the cracks.
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CHAPTER 4 — RESULTS AND DISCUSSION

In this chapter the results achieved are presented based on the
experimental plan shown by Figure 12. The discussion will begin with the cutting
tests results, followed by surface integrity studies. These two first topics are then

correlated with the corrosion tests results.

4.1 — CUTTING TESTS

Tool life performance and the wear mechanisms of three coated inserts

were assessed through turning operations under finishing conditions described in

section 3.2. Life curves of the selected inserts are displayed in Figure 17.

49



M.A.Sc. Thesis — Edinei Locks Jr. - McMaster University — Mechanical Engineering

500 T T T T T T T T T T T T T T T
1 . —u— AICIN/TiSIN| ]
450 - .-“"j —4A— AICIN
/ —e— AITIN

400 - /
350 - / -
300 — / _
250 - . i

200 ' e

Flank Wear (um)

150 - / . i
! o Y ]

100 4 | At e 7]

1/ A ]

504/ B Ve PE L §
e i

-—¥7r7 77
0 400 800 1200 1600 2000 2400 2800 3200
Machined Length (m)

Figure 17: Tool life results given by flank wear versus cutting length.

This figure shows that AICrN/TiSiN and AICrN coated tools performed worse
than AITIN, which featured nearly the double the life of the other two tools.
Scanning electron microscopy images are shown in Figure 18 to analyse the wear

mechanisms acting on the cutting tool.
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Figure 18: Worn turning tools SEM analysis: (a) AICrN/TiSIN, (b) AICrN and (c)
AITIN.

As shown in Figure 18 (a) and (b), major tool failure mechanisms are
chipping in the multilayer tool and coating delamination in AICrN. Built-up edge
(BUE) formation, as well as chipping is easily visible in Figure 18 (a), whereas in
Figure (b) it is possible to see the tool corner with the delaminated coating. In
Figure (c) the BUE is smaller compared to that of the tool with a multilayer coating.
BUE also covers the traces of abrasive flank wear right beneath the cutting edge.

Due to its ductile nature, SDSS machining results in a high amount of
material adhering to the tool surface, which generates BUE [38]. This bond is
strong enough to continue growing throughout the cutting process until it becomes
unstable and breaks away, carrying a part of the tool along with it [25], [26]. This
behaviour was the failure mechanism of AICrN/TiSIN and AICrN tools. Similar
phenomena were also described by Nomani et al. In their study, the main wear
mechanisms observed on the tool during the machining of super duplex 2507 were

adhesion and abrasion [39]. The presence of workpiece material on the surface of
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cutting tools confirms that adhesion is the predominant wear mode in this
operation. Out of the tested tools, it is least severe in the one coated with AITiN.

The good performance of AITIN tools may be attributed to its ability to self-
adapt to the process conditions, forming nanometric structures that improve the
tribological conditions at the tool-chip interface. These secondary structures are
usually called tribofilms and the coatings that produce these types of surface films
are known as adaptative coatings. Such films are the result of tribo-oxidation that
happens during the cutting process, where elevated temperatures and pressures
are required to initialize the chemical transformation. Heat generated during the
process plays a critical role in the formation and the constant regeneration of such
surface structures [40].

Paiva et al. (2017) performed similar wear studies on the same AITIN
coating composition. It was reported in their study that this aluminium-rich coating
undergoes tribo-oxidation and forms a surface aluminium oxide with nhanometer
thin alumina (Al203) structure on the rake surface of the tool. This oxide has a
ceramic nature that alters the wear performance of the cutting tool. These films
create a thermal-barrier effect, which prevents heat penetration within the tool, thus
minimising the tool wear [41]. The aluminium oxide formation is confirmed by the
XPS results obtained, as displayed in Figure 19. The high resolution Al2s peak
spectra shows a 100% of aluminium oxidation from the coating into beneficial Al203

on the tool rake face at a binding energy of 118.9 eV. The thickness of the formed
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film is around 9 nm. The oxidation of Ti in the full spectra shows the formation of

non-protective Ti-O species in lower amount [28].
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Figure 19: AITIN coated tool XPS analysis (a) point selected for the analysis on
the tool’'s rake face (b) full XPS spectra and (c) high resolution Al2s peak XRD
spectra.

In addition to tool life curves and wear mechanism evaluation, the cutting

force data shown in Figure 20 is also the part of the machining studies.
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Figure 20: Acquired cutting forces versus tool life stage.

The cutting forces data show that the tool with a multilayer coating featured
the lowest cutting forces. In comparison, the cutting force values for the AICIN
coated tool were the highest and those for the AITIN coated tool in the middle of
the three. However, the measurements of the worn condition reveal that the cutting
forces decreased in the AITIN coated tool, until they became less than those of the
other two tools. After the cutting was complete, the AICIN coating featured the
highest cutting force values and those of the AICrN/TiSiN coating were in between.
As described by Felice et al., the cutting forces are the result of the existing friction
between the tool and the workpiece material. Therefore, there is less friction in the
AITIN worn tool than in the others [42].

The low cutting forces of the new tool with a multilayer coating can be

attributed to the low interaction of the coating with SDSS, which is confirmed by
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the friction coefficient data obtained by Paiva et al. [27]. In their study, the
tribological behaviour of similar compositions of AICrN/TiSiN and AICrN coatings
as the ones used in this work were evaluated during the machining of the same
SDSS grade. A pin-on-disc test showed that the multilayer coating had the lowest
friction coefficient among all the tested coatings, which may account for the low
cutting force values [27]. However, the temperatures and pressures in actual
machining are much higher than those of a pin-on-disc test. For this reason, it is
possible to account for the adhesion of the material to the tool surface in the
multilayer coating, as well as the cutting force increase, a trend inherent to the
process.

Considering the results of the previous tribological study [27] and the nature
of the process, the AICrN coated tool features expected behaviour. The high cutting
forces are the result of a higher friction coefficient compared to the multilayer
AICrN/TiSIN, in which the increase of forces in the worn tool is inherent to the
cutting process.

In contrast with the previous tools, the tool with the AITIN coating had lower
cutting forces under the worn condition. These low forces are another indication of
the improvement in friction conditions provided by the adaptive behaviour of the

coating due to the tribofilm formation.
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4.2 — SURFACE INTEGRITY

The surface texture analysis results after the machining of each coated tool

are displayed in Figure 21.
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Figure 21: Surface texture produced with (a) AICIN/TiSIN, (b) AICrN, (c) AITIN
PVD coated tools and (d) mirror polished SDSS sample.

Surface texture data revealed that the AITIN coated tool produced the
smoothest surface out of the tested tools, followed by the multilayer tool and the
AICrN coated tool, which had the roughest values. The benchmark surface showed

very low roughness values compared to the machined surface due to its fine
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polishing. The feed rate and tool nose radius are the factors affecting surface
roughness the most [25]. Since these two aspects were kept constant, the
differences in the machined surface textures among the tested tools must,
therefore have had another cause.

Significant differences in groove height among the scanned surfaces can be
observed in Figure 21, which are visible by colour scale. This difference can be
attributed to the varying friction, system vibrations and tool condition and cutting-
edge geometry of each tool.

The wear and adhesion of each tool results in a non-uniform cut, where the
way that the volume of material that is plastically deformed before the shearing is
not the same for all the tools, influenced by the geometry of cutting edge and rake
face. The AITIN coated tool had the least material adhesion/wear among all the
tools and produced the best surface finish. The BUE structure on the tool with a
multilayer coating increased the cutting-edge radius, thereby enhancing the
ploughing effects, which resulted in an intermediate finish. Finally, the delaminated
edge of the AICrN tool developed a geometrical distortion on the tool that produced
a rougher surface texture.

In addition to that, the difference in friction among the tools results in
difference in chip flow resistance, where due to the continuous cut a difficult flow
can have a small interference in the cutting region.

Besides the good clamping of workpiece and high rigidity of the tool fixture,

vibrations are an aspect inherent of all machining process, which also contributes
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to the surface finishing. It is important to note that the difference in the total depth
range of the analysed surfaces is considerably small, not exceeding 10 um.

In this study a direct relation can be draw between the surface finish with
the cutting forces measured for each coated tool, where higher friction will result in
rougher surfaces. Chen concluded that materials with a more ductile behaviour
tends to present a worst surface finishing than harder materials. He also states that
there is a optimum value of flank wear that improves the surface finishing however,
the radial thrust force is sensitive to the tool wear [43].

The plastic deformation effect can be seen in the microhardness profile of

the machined surface presented in Figure 22.

360 — T T T T T T T T 1 T T T T T T T T T
—m— AICrN/TISIN| |
—A— AICIN
340 4 —e—AITIN H
—&— SDSS
S 3204 : 4
= .
= | |
L
@ 300 !
(0]
=
2
P
S 2801 » i
o
= .
260 4 I
240 I I T 1 T I T I T I

r — —
90 120 150 180 210 240 270 300 330
Distance from surface (um)

Figure 22: Microhardness profile of AICrN, AICrN/TiSiN, AITIN and SDSS
samples.
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The microhardness profile results demonstrate the work hardening effect of
each tool on the workpiece material subsurface. This profile corresponds with the
cutting force and surface texture results, where the higher cutting forces of the
AICrN tool is a result of higher friction, which caused intensive plastic deformation
and subsequent work hardening effect on the machined layer. Similar cutting force
values in the multilayer and AITIN coated tools resulted in similar superficial
hardness levels. After the first measurement line, the hardness of AITiN coated tool
machined surface dropped to values close to the benchmark line (260-280 HV).
The AICrN presented a deeper work harden layer, where the hardness dropped to
260 HV around 135 pm. Besides not presenting the higher hardness values on the
surface, the multilayer coated tool machined surface had the wider work harden
layer, where the benchmark hardness line was reached just between 225 and 300
pm. The benchmark sample did not show such a significant difference in its profile
as the machined samples, which indicates the strong effect of the cutting process
on surface integrity.

The final surface integrity analysis and the residual stress measurements

are displayed in Figure 23.
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Figure 23: Residual stress measurements of AICrN, AICrN/TiSIN, AITIN and
SDSS samples.

Residual stress measurement results show that the ferritic phase had lower
residual stresses than the austenitic phase in the same measurement direction. All
tools had tensile residual stresses in both phases in the cutting direction, as well
as in the austenitic phase in the feed direction. The exception was in the ferrite
phase in the feed direction, in which all tools featured compressive residual
stresses.

The AITIN coated tool featured the highest levels of tensile residual stresses
in the cutting direction and austenite in the feed direction, in addition to a low level
of compressive residual stress in ferrite in the feed direction. Therefore, the AITIN

coated tool had the worst stress state among the analysed tools, which is more
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likely to result in further failure. Both multilayer and AICrN coated tools had similar
values of tensile residual stress in the ferrite phase in the cutting direction, as well
as in the austenite phase and feed direction. However, the multilayer coated tool
has significantly less tensile stress in the austenite phase in the cutting direction,
as well as more compressive stress in the ferritic phase and feed direction, which
results in an overall better stress state than AICrN.

The residual stresses sources in metal cutting operations were already
described by several authors [26], [44], [45]. The compressive residual stresses
are generated by the plastic deformation of the machined layer that tends to
primarily promote tensile stresses due to a greater amount of deformation on the
surface than on the sub-surface. However, due to force equilibrium and geometric
compatibility between the machined surface and sub-surface, compressive
residual stresses will be formed in order to maintain the static equilibrium prior to
the plastic deformation. This mechanism is illustrated in Figure 24, where the

aforementioned effect is shown on a surface in static equilibrium.
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Figure 24: Compressive residual stress mechanism diagram.

61



M.A.Sc. Thesis — Edinei Locks Jr. - McMaster University — Mechanical Engineering

In the previous diagram the surface and sub-surface are used to explain
what happens with the grains during the process. Therefore, during the machining
the material grains go trough plastic deformation. Since the plastic deformation and
temperature are more intense in the cutting direction, it is in this direction that
residual stresses and grain deformation are also more intense.

The tensile residual stresses are a result of differences in thermal expansion
and contraction of the superficial layer and sub-layer. When the workpiece absorbs
the heat that comes from the primary shear zone, it goes through a thermal
expansion process. However, the amount of heat in the surface layer is greater
than in the subsurface. Therefore, the thermal expansion effect is stronger on the
surface. To keep the geometric compatibility between the surface and the
subsurface, which is still under the influence of heat, the surface layer will produce
compressive stresses (similar to the compressive residual stress mechanism).
After this rapid heating, the workpiece quickly cools down. At this point, the surface
and subsurface are under opposite reactions of the same layers during heating.
The rapid cooling will result in the shrinkage of the superficial layer and resultant
tensile stress will be produced to maintain the geometric compatibility and force
equilibrium. The tensile residual stress mechanism is illustrated in Figure 25, along

with the heating and cooling effect on the material layers.
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Figure 25: Tensile residual stress mechanism diagram.

The concept of layer, sub-layer, surface and sub-surface was used to
illustrate the behaviour of the material grains under the mentioned conditions,
which responds in a similar way when exposed to a quenching process. With this
concept in mind, it is possible to explain the higher levels of residual stress in the
austenitic phase compared to ferrite. This condition is related to the higher thermal
expansion coefficient of austenite, shown in Table 3. Residual stresses act
independently of external forces, whose source is given by the internal forces of
the system (surface + sub-surface) in equilibrium state [46].

The tensile residual stresses measured on the machined workpiece reveal
that the thermal effects during machining were more significant than any plastic
deformation. Since the cutting zone is the source of heat during the cutting process,

the thermal effect is more intense in the cutting direction than in the feed direction.
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This behaviour is evidenced in tensile residual stresses in both phases and the
cutting direction. The combination of tensile stresses in austenite with compressive
stresses in ferrite shows the weaker thermal effect in the feed direction, as well as
the stronger temperature effect in the austenite than in ferrite, given by the thermal
expansion coefficient.

The performance of the coated tools during machining demonstrates the
strong tensile effect produced by the AITiN coated tool. The aluminium oxide-based
tribofilms generated in the tool have low thermal conductivity. They act as a thermal
barrier preventing heat penetration into the tool. Consequently, the heat generated
in the PSDZ is distributed between the workpiece and the chip. Therefore,
temperature tends to increase in the PSDZ, which promotes tensile residual
stresses. A diagram in Figure 26 can illustrate the effect of the thermal barrier layer

on the performance of the cutting tools.
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Figure 26: Thermal barrier effect schematics.
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However, AICrN and AICrN/TiSIN coatings do not have the same
performance as the AITIN coating mainly due to the lower Al content in their
chemical composition (67% in AITIN compared to 50% in AICrN). Literature states
that AICrN coatings with Al content between 70 and 75% can feature better
tribological properties and oxidation resistance than AITIN coatings if the FCC
structure is predominant [47].

The presence of TiSiN in the multilayer tool is the reason for its better
performance when compared to monolayer AICrN. The XPS analysis of multilayer
tool shows the complete oxidation of Si present on the coating in silicon oxides
SiOx at binding energy of 153 eV in the Si2s peak, where the film thickness is
around 7 nm. The spectra as well as the sampling location are displayed in Figure

27.
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Figure 27: AICrN/TiSIN coated tool XPS analysis (a) point selected for the

analysis on the tool’s rake face (b) full XPS spectra and (c) high resolution Si2s
peak XRD spectra.

Besides also being a ceramic, the literature states that silicon oxides present
a non-protective lubricious behaviour with low friction coefficient, which explains
the lower cutting forces of multilayer coated tool when compared to AICrN [27],
[48]. Common Ti oxidation results in nonstoichiometric oxides as well as TiOz2,
where both on them are not protective [28]. The non-complex Cr oxides are also
non-protective phases with lubricious properties [49]. The lack of protection results
in higher heat diffusion into the tool. As result, the tool wear is accelerated and the

heat amount diffused into the workpiece is diminished.
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4.3 — CORROSION TESTS

The typical open circuit potential (OCP) versus time for each type of

machined surfaces pre-polarization measurements is presented in Figure 28.
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Figure 28: Typical open circuit potential versus time for of AICrN, AICrN/TiSiN,
AITiN and SDSS samples.

The graph above shows that overall SDSS and AITIN samples had similar
response to solution exposure while AICrN and AICrN/TiSIN presented unique
response, based on the time necessary to reach a stable potential. The differences
in the sample potential before stabilization are related with the material tendency

to corrosion. More positive potentials than OCP shows instability and tendency to
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corrosion while potentials more negative than OCP reveal a stable sample (less
tendency to corrosion). All analysed samples featured a similar stable open circuit
potential. Following the OCP stage, the results obtained from the potentiodynamic

anodic polarization are displayed in Figure 29.
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Figure 29: Typical polarization curves of AICrN, AICrN/TiSIiN, AITiN and SDSS
samples.

These are typical polarization curves obtained in this study (the remaining
curves can be found in the appendix), they show that all samples have a similar
corrosion potential (Ecorr) of around -0.3 Vsce. For comparison purposes the
Figure 30 shows the corrosion potential and current density for the analyzed

surfaces.
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Figure 30: Corrosion potential (a) and current density (b) statistics.
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Overall, the AICrN, AICrN/TiSiN and SDSS sample showed similar corrosion
potential, while AITIN sample corrosion potential is slightly more negative. The
AICrN and AICrN/TiSiN machined samples had a similar corrosion current density
(icorr) (5 x 10° A/cm? and 1 x 10 A/lcm? respectively) and slightly higher than the
SDSS sample (3 x 105 A/cm?). The AITIN machined sample however, presented
a higher variation in its corrosion current density being in a range from 1 x 10° to
3 x 10* Alcm?. The Figure 31 shows the potential and current data for the

passivation stage during polarization measurements.
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Figure 31: Passivation potential (a) and current density (b) statistics.
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The samples had different passivation potentials (Ep) during the active
phase. AITiN has the lowest passivation potential around -0.23 Vsce, followed by
the benchmark with values around -0.17 Vsce. Passivation developed later in the
AICrN than in the previous two samples, with potential around -0.08 Vsce, being
the highest average passivation potential. The AICrN/TiSiN surface shows a high
variation in its passivation potential, with values between -0.2 and -0.08 Vsce. Apart
from differences in the potential, all samples had similar passivation current density
(ir) of between 3 x102 and 6 x 10 A/lcm2. However, the variation of AITIN and
SDSS samples are small compared to the AICrN and AICrN/TiSIN samples.

Passive behaviour was observed in the samples following passivation. The
potential (Epassive) and current density (irassive) were analyzed at the beginning of

this stage, where the average values are shown in Figure 32.
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Figure 32: Passive stage potential (a) and current density (b) statistics.
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The AITIN sample typically presented a smooth transition to the passive
region, starting around 1 x 103 A/cm2 and -0.15 Vsce, while the passive stage of
the benchmark and AICrN/TiSIN samples began close to each other and slightly
later than AITiN, around 3 x 10 A/cm2 and -0.05 Vsce. The AICrN sample had the
more positive average passive potential around 0.05 Vsce however, the passive
stage started near the same current density as AICrN/TiSiN and SDSS.
Polarization measurements data shows the same sample trend for both
passivation and passive stage. While the passive stage of AICrN, AICrN/TiSiN and
SDSS samples did not show a huge variation of current density, the AITiN sample
showed an almost constant current decay until reached its minimum values before
the starting point of trans passive stage. After a certain potential the current density
started to increase once more, which indicates a transpassive stage. The
transpassivation is related to the passive film break-down, resulting in increase in
the current density and pitting corrosion formation. The transpassive potential (Er)

and current density (it) of the analyzed samples are shown in Figure 33.
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Figure 33: Transpassive potential (a) and current density (b) statistics.
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On average, the AICrN, AITIN and SDSS samples had similar
trasnspassivation potential, which is in between 0.25 and 0.3 Vsce. However, the
AICrN/TiSIN sample showed an early traspassivation at potential around 0.12 Vsce.
In terms of current density all the samples started the transpassive stage around
the same point on average. The results achieved show that on average the AITIN
sample presents and earlier passivation and passive stage than other samples but
a similar corrosion and transpassivation potential. This results in a longer passive
stage, being beneficial for the sample. The SDSS sample had the second longest
passive stage and presented the lower variation in terms of potential and current
density. The AICrN/TiSIN sample had similar behaviour to SDSS however, it also
showed higher variation of potential and current. The AICrN sample presented later
passivation and short passive stage compared to the other samples, which reflects
in a surface with less corrosion protection.

According to literature, the alloying elements, specially Cr, are the main
responsible for the formation of resistant passive films [30]. Therefore, the Cr
content of each machined sample was analyzed and is shown in Figure 34. The
only differences in Cr content were observed near the surface, thus the data
displayed in Figure 34 corresponds to an EDS reading at 0.17 minutes of sputtering

(time was used for better sputtering control).
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Figure 34: Atomic Cr content on the machined samples surface.

The Cr content of AICrN is lower than AICrN/TiSiN and AITiN, which results
in its typical later passivation. However, the Cr content of AICrN/TiSiN and AITIiN
are quite similar, which is not enough to promote the differences displayed in the
polarization measurement curves. SDSS sample was not analyzed since it is the
benchmark curve.

A current study show relation between surface roughness and corrosion
susceptibility of materials, where a better surface finishing increases passivation
tendency [50]. In the present study, the benchmark with a smoother surface had
lower values of icorr than the machined samples at the same Ecorr. Similar to the
AITiN coating, it featured a longer passive region than the AICrN and AICrN/TiSiN

coatings. An exception was noted during the active phase prior to passivation,
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where the benchmark had a higher activation slope than the AITIN coating. In
addition to surface finish, plastic deformation also influences the corrosion
behaviour of materials. Studies show that corrosion susceptibility can either
improve or deteriorate, depending on the amount of surface plastic deformation
[51]-[53]. Therefore, the corrosion susceptibility of the material is influenced not
only by surface finish, but also by the plastic deformation. This can explain why the
benchmark sample featured a slightly higher passivation potential than the AITiN
coatings. As mentioned in [51], lower levels of plastic deformation impede
corrosion formation in the material. The plastic deformation observed in AITIN
sample was milder compared to other machined samples, which can be related to
its lowest corrosion susceptibility.

According to the polarization curves the best electrochemical condition is
during the passive stage due to the presence of passive films that lowers the
corrosion rate. The initial and end portions of passive stage are not recommended
to stay due to instabilities in the passive film. Ideally the sample would stay in the
middle of passive region on the polarization curves, where the passivation would
start early and the transpassivation would happen in a high potential (noble
potential).

The stress cracking corrosion study investigated the influence of the
residual stresses after machining along with crack initiation and propagation.

Figure 35 shows the crack density results, which is given by the division of the total
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crack length by the sample area. The displayed results are separated in the feed

and cutting directions.
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Figure 35: Crack density after the SCC test.

After the SCC test, no cracks were observed in the benchmark samples.
The crack density of the machined samples follows the same distribution as that of
the residual stresses in the austenitic phase, which featured the highest stress
levels out of the two analysed phases. Scanning microscopy images of the cracked

surfaces are displayed in Figure 36.
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Figure 36: Cracked surfaces.

These SEM images present the average behaviour of the samples after the
SCC test. The difference between the amounts of cracks between the analysed
samples is visible. The AITIN coated tool has a higher number of cracks than the
AICrN and multilayer ones. The optical cross-section images were prepared to
analyse the crack nucleation sites displayed in Figure 37. The images show the
cracks orthogonal to the cutting direction (cutting), as well as the feed direction

(feed).
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Figure 37: Cracks cross-section optical analysis. AICrN/TiSiN coated tool cutting
(a) and (d) feed direction, AICrN coated tool cutting (b) and (e) feed, AITiN coated
tool cutting (c) and (f) feed.

Residual stress analysis shows that cracks were initiated in both phases in
the cutting direction. In the feed direction, the cracks were mostly concentrated in
the austenitic phase. The images show that the cracks propagate through the
grains into the material. Wider cracks are observed in the AITIN coated tool
machined cross-section, as a result of its higher residual stresses and crack
density. Undersurface damage is visible on the machined cross-section using a
multilayer coated tool in the cutting direction, possibly due to the random

propagation of adjacent cracks.
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CHAPTER 5 — CONCLUSIONS

The adopted experimental method, as well as the results achieved on the

corrosion behaviour study of machined super duplex stainless steel using cutting

tool with three different PVD coatings, can lead to the following conclusions:

Machining performance: The tool life results show that the life of the AITIN
coated tool is two times longer than AICrN and AICrN/TiSiN. This result is
supported not only by SEM figures, but also by the XRD results, which
shows formation of aluminium oxide tribo-films. The presence of aluminum
oxide during the cutting process is beneficial for the tool, promoting
resistance against adhesion and heat diffusion into the tool [41].

Surface integrity: The AITIN coated tool produced not only the smoothest
surface among all tools at the same cutting conditions, but also the least
work-hardened surface. This property can be related to the forces
generated during the cutting process. These two aspects are associated
with the previously mentioned tribological conditions during machining.
However, the residual stress measurements reveal higher levels of tensile
residual stress in the AITIN coated tool, due to the thermal-barrier effect of
the coating, which redirects the heat generated during the process to the
workpiece and chips. This behaviour was less pronounced for multilayer
tool due to the lubricious silicon oxides formation, while AICrN coated tool

behaved in between.
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e Corrosion behaviour: The results show that the surface machined by an
AITiN coated tool has corrosion resistance compared to the other samples.
Similar to the polished benchmark sample, early passivation and a wider
passive region improves the ability of the AITiIN coated tool to protect the
surface from corrosion.

e Stress cracking corrosion: In contrast to the polarization results, the AITiN
coated tool surface featured a high number of cracks. Residual stress
measurements reveal that the multilayer coated tool had the smallest crack
density. Additionally, the residual stress differences in ferrite and austenite

in the feed direction only yielded crack initiation in the ferrite.

Apart from featuring improved machining performance and surface finish
compared to other PVD coated tools, the AITiN coated tool had the highest tensile
residual stress, which had the most detrimental impact on crack initiation in SDSS
surfaces. In contrast with AITIN, the crack density was less intense in the
AICrN/TiSIN sample, due to lower tensile residual stresses.

In almost all applications, component functionality is more important than
production rate. For offshore pipeline components used in oil extraction, the
component corrosion resistance must not be exchanged for longer cutting tool life

due to the potentially catastrophic consequences of integrity loss.
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CHAPTER 6 —= SUGGESTION TO FUTURE WORKS

Based on the current study, several topics are suggested for further
experimental investigations:
e Evaluation of temperature distribution during the cutting process for the
mentioned tools.
e Evaluation of post-machining surface treatment methods to reduce or
eliminate the tensile residual stresses, as well as their corrosion behaviour.
e Investigation of the effects of surface roughness following machining and

plastic deformation on the corrosion behaviour of SDSS.
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APPENDIX

This appendix shows all the OCP and polarization curves obtained in this work.
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Figure Al: OCP curve AICrN sample 1.
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Figure A2: OCP curve AICrN sample 2.
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Figure A3: OCP curve AICrN sample 3.
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Figure A4: OCP curve AICrN/TIiSIN sample 1.
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Figure A5: OCP curve AICrN/TiSIN sample 2.
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Figure A6: OCP curve AICIN/TIiSIN sample 3.
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Figure A7: OCP curve AITIN sample 1.
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Figure A8: OCP curve AITIN sample 2.
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Figure A9: OCP curve AITIN sample 3.
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Figure A10: OCP curve SDSS sample 1.

97



M.A.Sc. Thesis — Edinei Locks Jr. - McMaster University — Mechanical Engineering

0.00 L 1 1

-0.05 A -

-0.10 -

-0.15 o

-0.20 =

Potential (V__.)

-0.25 -
-0.30 -

0.35 4 //-—-—— i

-0.40 1 . , . , .
0 1000 2000 3000

Time (s)

Figure A11: OCP curve SDSS sample 2.
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Figure A12: OCP curve SDSS sample 3.
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Figure A13: Polarization curve AICrN sample 1.
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Figure Al4: Polarization curve AICrN sample 2.
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Figure A15: Polarization curve AICrN sample 3.
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Figure A16: Polarization curve AICrN/TiSIN sample 1.
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Figure A17: Polarization curve AICIrN/TiSiN sample 2.
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Figure A18: Polarization curve AICrN/TiSIN sample 3.
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Figure A19: Polarization curve AITiN sample 1.
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Figure A20: Polarization curve AITIN sample 2.
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Figure A21: Polarization curve AITiIN sample 3.
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Figure A22: Polarization curve SDSS sample 1.
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Figure A23: Polarization curve SDSS sample 2.
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Figure A24: Polarization curve SDSS sample 3.
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