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Abstract
Metastable austenitic stainless steels are distinguished by their susceptibility to the Transformation
Induced Plasticity (TRIP) effect, where austenite (γ) to martensite (α’- and/or ε) transformation is
triggered mechanically. They present an optimal relationship between mechanical and physical
properties.
Surface modification of TRIP steels, and particulaly an AISI 301LN metastable austenitic stainless steel
specimens, was performed in order to study the possibility of enhancing their tribological and
mechanical properties, by means of a parametric ground polishing analysis, used as a Surface
Mechanical Modification Technique. To the best knowledge of the author, this technique has not been
studied yet for this application, according to the performed literature review.
Microstructural and mechanical properties are studied with the help of advanced characterisation
techniques, e.g. Field-Emission Scanning Electron Microscopy (FESEM), Focus Ion Beam (FIB), etc.
Experimental results demonstrate that an increase in grinding abrasion induces phase transformation
and nano-structuring of the materials’ subsurface, by generation of compressive residual stresses,
which contribute to an increase in the overall hardness of the material, which has been noticeable up
to the micro-range.
In addition, a qualitative analysis of the tribological images obtained leads to demonstrating an
evolution in the surface deformation mechanisms, from shear bands to mechanisms related to the
grain boundary rotation, as the grinding treatment intensifies.
The path opened by this investigation could allow future studies to focus on a more exhaustive analysis
of the benefits produced by this surface modification technique, by studying wear rates, the evolution
of the friction coefficient and also the fatigue properties.
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: Ferrite, with a Body-Centred-Cubic (BCC) structure
’: BCC Martensite
A: Amperes
AHSS: Advanced High Strength Steels
AISI: American Iron and Steel Institute
Al: Aluminium
Al2O3 : Alumina
ASS: Austenitic Stainless Steels
BCC: Body Centred Cubic
BF: Brightfield contrast method
BSE: Backscattered electrons
C: Carbon
CLSM: Confocal Laser Scanning Microscopy
Cr: Chromium
Cu: Chromium
: wave length
DIM: Deformation Induced Martensite
: HCP martensite
E: Elastic Modulus
FCC: Face Centred Cubic
Fe-Cr: Iron-Chromium
FIB: Focused Ion Beam
: austenite
GB: Grain Boundary
GIXRDGrazing Incidence X-ray Diffraction
GNDs: Geometrically Necessary Dislocations
H: Hardness
HCP: Hexagonal Close Packed
HESP: High-Energy Shot Peening
HNO3: Nitric Acid
IIT’s: Instrumented Indentation Techniques
ISE: Indentation Size Effect
Mn: Manganese
Mo: Molybdenum
N: Nitrogen
N.A.: Numerical Aperture
Ni: Nickel
OM: Optical Microscopy
RIR: Reference Intensity Ratio
SE: Secondary Electrons
SEM: Scanning Electron Microscopy
SFE: Stacking Fault Energy
SiC: Silicon carbide
SMAT: Surface Mechanical Attrition
SMMT: Surface Mechanical Modification Treatments
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SP: Shot Peening
Ti/Nb: Titanium/Niobium
TRIP: TRanformation Induced Plasticity
TWIP: TWinning Induced Plasticity
UFG: Ultra Fine Grained
UIP: Ultrasonic Impact Peening
USSP: Ultrasonic Shot Peening
: Poisson Ratio
XRD: X-Ray Diffraction

iii

Report

Index
ABSTRACT ___________________________________________________________ I
GLOSSARY __________________________________________________________ II
1.

PREFACE _______________________________________________________ 7
1.1. Motivation ............................................................................................................... 7

2.

LITERATURE REVIEW _____________________________________________ 9
2.1. Stainless steels ......................................................................................................... 9
2.1.1.

Classification of Stainless Steels.............................................................................. 9

2.1.2.

Influence of alloying elements..............................................................................10

2.2. Austenitic stainless steels ...................................................................................... 13
2.3. Metastable Austenitic Stainless Steels .................................................................. 15
2.3.1.

Thermodynamics of the phase transformation ...................................................16

2.3.2.

Influence of Stacking Fault Energy on austenite stability ....................................18

2.3.3.

Crystallography and morphology of the phase transformation ..........................21

2.3.4.

Reversion heat treatments. ..................................................................................23

2.3.5.

Mechanical response after the phase transformation.........................................24

2.4. Surface Mechanical Modification Treatments...................................................... 25
2.5. Summary of the literature review ......................................................................... 28
2.6. State of the art ....................................................................................................... 29

3.

SCOPE AND OBJECTIVES _________________________________________ 33
3.1. Scope ...................................................................................................................... 33
3.2. Objectives .............................................................................................................. 33

4.

MATERIALS AND METHODS ______________________________________ 35
4.1. Material.................................................................................................................. 35
4.2. Sample Preparation ............................................................................................... 36
4.2.1.

Cutting and mounting ...........................................................................................36

4.2.2.

Grinding and electropolishing processes..............................................................37

4.2.3.

Experimental conditions. Surface ground polishing.............................................40

4.3. Microstructural characterization........................................................................... 40

iv

4.3.1.

Microstructural Imaging: Optical and Electron Microscopy ................................40

4.3.2.

Quantification of α’-martensite evolution: X-Ray Diffraction ..............................46

Characterization of the surface modification of a Metastable Stainless Steel induced by Ground
Polishing

4.3.3.

Surface Compressive Residual Stresses. Determination from X-ray Diffraction
Data....................................................................................................................... 50

4.3.4.

Surface Roughness Analysis. ................................................................................ 52

4.4. Mechanical characterization.................................................................................. 55

5.

4.4.1.

Static Hardness testing ......................................................................................... 55

4.4.2.

Tribological testing ............................................................................................... 60

RESULTS AND DISCUSSION _______________________________________ 62
5.1. Sample preparation ............................................................................................... 62
5.2. Microstructural characterisation ........................................................................... 63
5.2.1.

Surface characterization....................................................................................... 63

5.2.2.

Roughness analysis ............................................................................................... 65

5.2.3.

Phase quantification: X-Ray diffraction................................................................ 67

5.2.4.

The deformation induced subsurface nanolayer................................................. 71

5.2.5.

Compressive Residual Stress. ............................................................................... 74

5.3. Mechanical characterisation.................................................................................. 75
5.3.1.

Static hardness testing ......................................................................................... 75

5.3.2.

Tribology testing: analysis of burnishing traces ................................................... 82

5.4. Correlation between microstructural and mechanical results ............................. 84

6.

CONCLUSIONS _________________________________________________ 87

7.

ENVIRONMENTAL IMPACT _______________________________________ 88

8.

REFERENCES ___________________________________________________ 89

ANNEX A __________________________________________________________ 97
A1.

Burnishing test micrographs. Groove analysis. ..................................................... 97

v

Characterization of the surface modification of a Metastable Stainless Steel induced by Ground
Polishing

1. Preface
1.1. Motivation
Due to regulatory pressures and customer expectations, the automotive industry designs its
components to promote vehicle weight reduction, in order to reduce fuel consumption and CO2
emissions, while also focusing on the continuous improvement of passenger safety.
Steel manufacturers have tended to continuous carbon reduction design to promote vehicle weight
loss, despite mechanical properties get negatively affected. To overcome this problem, a range of
strengthening methods, including: grain size reduction, solid solution strengthening, precipitation
hardening and surface texture optimisation, have been continuously developed in order to obtain the
desired mechanical properties, even improving them with respect to conventional steels.
Recently developed Advanced High Strength Steels (AHSS), have approached strengthening of
multiphasic steels, promoting phase transformation (TRansformation Induced Plasticity; TRIP) and twin
formation (TWinning Induced Plasticity; TWIP), to obtain the so-named reinforcement phase, during
plastic deformation. These AHSS present an optimal relationship between mechanical and physical
properties.
Stainless steels are commercially used due to their excellent corrosion resistance. Metastable
austenitic stainless steels are distinguished by their susceptibility to the TRIP effect, where austenite
() to martensite ( and/or ’-) transformation is triggered mechanically.
Focusing on metastable austenitic steels, material failures usually start on their surface, due to fatigue
fracture, wear and/or induced surface corrosion. Mechanical surface optimization treatments promote
surface grain refinement (nanostructuring) and may effectively enhance the global behaviour and
particularly the service lifetime of these materials.
A wide variety of mechanical surface nanostructuring techniques are being used and continuously
developed, such as: sandblasting, shot peening, grinding, laser patterning, etc.
Focusing on a commercial metastable austenitic stainless steel (grade AISI 301LN), this Master’s thesis
aims to study ground polishing as a mechanical surface nanostructuring technique, and the way it
contributes to increasing service lifetime, topic for which this technique has been less investigated by
researchers worldwide, according to the conducted literature review. By means of a parametric study
using different grinding/polishing papers/cloths at different applied forces, surface texturizing as well
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as Deformation Induced Martensite (DIM) formation will be analysed by advanced characterization
techniques. The obtained compressive residual stresses for each case will be analysed by means of XRay Diffraction. Finally, the surface mechanical properties of the resulting material will be evaluated by
performing micro- and nano-hardness tests as well as by a tribology technique.
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2. Literature Review
2.1. Stainless steels
Stainless Steel is any one of a family of alloyed steels containing at least 10.5% of Chromium (Cr). The
presence of Cr induces an improvement in the corrosion resistance due to the formation of a passive
layer of iron and chromium oxides, which is very stable compared to Iron Oxide (Fe2O3) layers formed
upon conventional carbon steels [1].

2.1.1.

Classification of Stainless Steels.

More than 100 grades of stainless steel are actually present in the market, which can be classified into
5 main families: Ferritic, Martensitic, Austenitic, Ferritic-Austenitic (Duplex) and Precipitation
Hardening [2]. A brief description of each family is presented below:
1) Ferritic stainless steels use Cr as the main alloying contribution. They are generally
characterized by presenting very good resistance to stress corrosion cracking but moderate
toughness. Increase in Cr content induces an improvement in corrosion resistance, whereas a
reduction in carbon content or an increase in nitrogen may promote toughness. Body Centred
Cubic (BCC) structure - Ferrite (α) is the stable microstructure at room temperature, which is
magnetic.
2) Martensitic stainless steels present higher carbon content than ferritic, which results in an
improvement in strength and hardness, at expenses of lower toughness, poor weldability and
limited corrosion resistance due to the formation of chromium carbides.
3) Austenitic stainless steels, are the most commonly used stainless steels. Face Centred Cubic
(FCC) structure - austenite (γ) phase is the stable phase at room temperature, which is nonmagnetic. They generally present high percentages of Nickel (Ni), although other austenite
promotion elements are also used. They have very good corrosion resistance as well as high
ductility and are used for welding applications. Their yield strength is lower than for ferritic or
martensitic stainless steels, but they have high work hardening capabilities.
4) Between the γ-loop and the ferritic phase there is a restricted α+γ region (framed in red, Figure
1) where two phases, ferrite and austenite, coexist to form so-called Ferritic-Austenitic
(Duplex) stainless steels. To achieve a duplex structure, it is normally necessary to increase
the Cr content to above 20 wt%. The heat treatment applied, as well as the presence of other
alloying elements, will determine the obtained duplex structure. As a result of the two-phase
structure and their fine grain sizes, they are stronger than austenitic stainless steels. Another
advantage they present, in this case with respect to ferritic stainless steels, is their resistance
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to solidification cracking. Their main disadvantage is their high costs with respect to the rest of
stainless steel families.
5) The strength and hardness of all the mentioned stainless steel families may be enhanced by
the formation of extremely small dispersed particles (precipitates) within the original matrix,
which hinder dislocation motion. Precipitation hardened stainless steels need of appropriate
“age hardening” thermal treatments in order to stabilize the intermetallic precipitates. With
respect to martensitic stainless steels, they present higher corrosion resistance due to absence
of carbide formation [3].

2.1.2.

Influence of alloying elements.

The percentage of Cr and other alloying elements will generate different microstructures and
properties. The Iron-Chromium (Fe-Cr) diagram (Figure 1) shows the existence of three different steelmicrostructures depending on Cr content and temperature: FCC-γ, BCC-α, and σ phase, where α-γ
coexist in various possible structures.

Figure 1. Fe-Cr equilibrium phase diagram [1].

Several alloying elements may be used to stabilize the austenitic or ferritic phases, conveniently
classified into two groups:
-

Alphagene elements, which are more soluble in α-Fe, stabilizing ferrite: Cr, Aluminium (Al),
Molybdenum (Mo), Titanium/Niobium (Ti/Nb), among others.

-

Gammagene elements, known to be austenite promoters: Nitrogen (N), Manganese (Mn),
Carbon (C), Ni, etc.
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2.1.2.1. Alphagene alloying elements.
Below, the main alphagene alloying elements are briefly explained:
1) Chromium (Cr) is the most important α-promoter. An increase in wt. % Cr is directly related to
ferrite stabilization. As the percentage of Cr gets increased (up to 20 – 28 wt. %), also does the
stainless steel corrosion resistance. High contents of Chromium at temperatures ranged
between 600 – 800 ºC produce very hard σ phases, which present high fragility
(embrittlement), provoking the oxide protection layer to prematurely fail. Therefore, this
structure is generally avoided.
2) Aluminium (Al), when added in amounts between 0.15 - 0.60 wt. %, it improves the oxidation
resistance. Especially used for high temperature applications [4] .
3) Molybdenum (Mo) increases protection against localized corrosion such as pitting or
interstitial corrosion, produced by chloride ions. It also increases mechanical resistance at high
temperatures. It is normally used in percentages between 2 - 4 wt. %, where the insuring of
the passivation film is already noticeable.
4) Titanium/Niobium (Ti/Nb) are used as stabilizing elements to avoid sensitisation, which refers
to the precipitation of chromium carbides at grain boundaries in a stainless steel, causing
susceptibility to intergranular corrosion. Dual stabilisation avoids the precipitation of
Chromium and Nitrogen carbides, providing the best mechanical properties for weldments [5].
2.1.2.2. Gammagene alloying elements.
Below, the main gammagene alloying elements are briefly explained:
1) Nitrogen (N) is used to enhance mechanical properties of austenitic stainless steels. By adding
Nitrogen (≈ 0.02 wt. %N) to Low-carbon configurations (< 0.03 wt. %C), which are generally
used to avoid sensitisation during welding or heat treatments, the yield strength will raise to
match the one expected for high carbon contents. Used for structural applications.
2) Manganese (Mn) is usually used to improve ductility in hot working conditions, avoiding hot
cracking (formation of shrinkage cracks during the solidification of a welded metal). At high
temperatures it works as an alphagene, whereas it is gammagene at low temperatures. When
acting as γ-promoter, it is used to increase nitrogen solubility, permitting higher N2
concentrations when needed. As an expander of the γ -loop it can be used as a substitute for
Ni, due to its high fluctuations in the market costs. Nevertheless, it is not as effective in the
promotion of austenite. Therefore, high concentrations of Mn will be needed if it is to be used
as a Ni substitute.
3) Carbon increases significantly the mechanical properties of steel in general. Nevertheless it
tends to form chromium carbides during welding, when its concentration is above 0.03% in
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austenitic stainless steels. The Cr loss associated with the carbide precipitation lowers
corrosion resistance, promoting susceptibility to localised corrosion. Stabilizing elements
(Ti/Nb) are normally used to prevent carbide formation when higher carbon contents are
needed [4].
4) Nickel is the main gammagene element and generally increases the stainless steels’ ductility
and toughness. When adding Ni, the γ-phase gets stabilized while maintaining a good
oxidation resistance. Cr is known to promote oxidation resistance, but as its concentration gets
increased, austenite microstructure is less stable. Therefore, the more amount of Cr added to
promote passive oxide layer formation, more Ni is needed to assure an austenitic
microstructure. Lack of austenite retention (or Ni shortage) will be denoted by α’-formation
[1]. Metastability of austenite, or its stability at room temperature conditions, occurs as a
consequence of Nickel alloying. This phenomena will be furtherly explained.
2.1.2.3. The Schaeffler & De-Long diagram
The classification of stainless steels to be obtained according to the wt. % of alloying elements, can be
approximately predicted by using the Schaeffler & De-Long diagram (Figure 2).

Figure 2. General Schaeffler & De-Long diagram. Stainless steel microstructure depending on chemical
composition [2].
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The effect of alphagene elements is denoted by the % Cr-equivalent, on the x-axis, whereas the
austenite promoter alloying element effect is expressed in the % Ni-equivalent on the y-axis. These
equivalent percentages will depend on the steel forming conditions as follows [1]:
Cr equivalent, castings = %Cr +2%Si +1.5%Mo + 5%V
Ni equivalent, castings = %Ni + %Co + 0.5%Mn +30%C

(Eqs. 2.1)

Cr equivalent, welds = %Cr + 1.5%Si + %Mo +%V +3.5%Ti
Ni equivalent, welds = %Ni + 0.5%Mn + 30%C + 30%N

(Eqs. 2.2)

The general Schaeffler & De-Long diagram presented in Figure 2 is used as an assesment tool, a rough
guide rather than a rigorous tool.

2.2. Austenitic stainless steels
Austenitic stainless steels (ASS) can be divided into five sub-groups: Cr-Ni grades, Cr-Mn grades, Cr-NiMo grades, high performance austenitic grades and high temperature austenitic grades. Subgroups
differ in their chemical composition, and their mechanical and physical properties.
Several International steel designation systems are used to identify stainless steels. According to the
American Iron and Steel Institute (AISI), majorly ASS can be classified into the 200 and 300 series. CrNi grades are identified as 300 series types and are the main ASS group. Type 304 is the most widely
used alloy of the austenitic group and has a nominal composition of 18 % Cr - 8 % Ni. AISI 200 types
contain mainly Cr, Ni and Mn.
ASS are extensively used in the automotive industry [6] [7] [8]. Despite their differences in chemical
composition, ASS sub-groups present many common characteristics:
i.

Best relationship between strength/ductility and toughness with respect to the other stainless
steel families (Figures 3 and 4).

ii.

Excellent corrosion resistance.

iii.

Great work hardening capacity, due to microstructural phase transformation of austenite into
martensite (  ’), triggered by cold work plastic deformation (rolling, drawing, etc.).

iv.

No hardening due to heat treatments, as in practice, their microstructure remains unchanged
from the melting temperature down to ambient temperature.

v.

Good formability defined as the tolerance of higher uniform plastic deformation and thickness
reduction during forming.
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vi.

High energy absorption capacity under impact conditions. Improved load carrying capacity and
crashworthiness of the vehicle structure make them interesting for automotive applications.

vii.

Nonmagnetic behaviour of austenite phase. As a result of plastic deformation, the semifinished products tend to become slightly ferromagnetic due to the formation of the martensitic
phase.

viii.

Compatibility with welding operations.

Figure 3. Mechanical properties comparison between different stainless steel families. Typical stress-strain
curves (left) and Charpy impact toughness (right) [4].

ASS characterize by the retention of the FCC-Austenite (γ) phase at room temperature. The addition of
austenite stabilizers lower the free energy of austenite relative to ferrite. As mentioned, Ni is the main
γ-stabilizer. It may be substituted or complimented with other alloying elements, to produce a solidsolution strengthening and hardening of the retained austenitic microstructure [9] as well as for
economic reasons [4].
Carbon usage is normally restricted because of its limited solubility at temperatures ranging 500 - 850ºC
[1], provoking the precipitation of chromium-rich carbides, which deplete the quality of the corrosionprotective passive layer by permitting intergranular corrosion (sensitisation). This phenomena is
specially affecting welding operations. To remedy this problem, promoting strength and austenite
stabilisation at room temperature, various interventions have been developed, which are based on the
modification of the chemical composition of the steel, accompanied by appropriate heat treatments.
For high temperature applications (such as welding), adding Ti or Nb at the moment of manufacture,
aids to the formation of very stable carbides of these elements, thereby preventing the carbon from
engaging with the Cr to form chromium carbides to obtain commonly named stabilised ASS. These
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additions maintain good corrosion resistance while presenting considerable carbon content, which
stabilizes austenite and increases mechanical strength.
A process many ways simpler than the first is to minimise carbon content (below 0.05wt. %). Nitrogen
(between 0.1 and 0.3 wt. %) is used as a carbon substitute, providing austenite stabilization, solid
solution strengthening and increased corrosion resistance [10]. Nevertheless, it is well known that
there is a limit for nitrogen solubility before hot cracking problems start to get enhanced (hot ductility).
In addition, the retention of austenite at room temperature by nitrogen alloying provides a
thermodynamically unstable (or metastable) γ-phase. Low alloyed ASS present a metastable austenite
phase at room temperature.
From all degrees, AISI 301 and 301LN steels exhibit the lowest content of alloying elements. Regarding
nomenclature of AISI 301 LN, “L” refers to low carbon content while “N” stands for high Nitrogen
content.

2.3. Metastable Austenitic Stainless Steels
The concept of metastabiity of ASS is referred to the un-stability of retained austenite at room
temperature, which allows its thermodynamically “simple” transformation to martensite under stress
conditions, producing the so-called TRansformation Induced Plasticity (TRIP) effect.
Figure 4 positions different steel groups as a function of both their yield strength and % total
elongation.

Figure 4. Relationship between the total elongation (%) and the ultimate tensile strength for different steel
groups [11].
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The stress induced transformation is accompanied by an increase in hardness and yield strength due
to its outstanding work hardening capabilities, obtaining an excellent compromise between strength
and ductility.
The main drawback of ASS is their relatively low yield strength (around 200MPa in the annealed state).
The TRIP effect is usually used as a strengthening method, by applying cold work strain-hardening
operations. The strengthening is obtained due to the formation of Deformation Induced Martensite
(DIM). There are two factors which influence the work hardening capabilities of ASS:
1.

The stability of the matrix. Unstable ASS is more likely to undergo the TRIP effect.

2.

The stacking fault energy (SFE) of the matrix, determined by its chemical composition.

2.3.1.

Thermodynamics of the phase transformation

The martensitic phase transformation is mainly characterized by two specific temperatures:
-

Martensite start (Ms): Temperature below which the phase transformation starts.

-

Martensite finish (Mf): Temperature at which the martensitic transformation is completed.

Ms is dependent on the chemical composition of the alloy and can be estimated by the following
expression (in wt. %) [12]:
Ms (ºC) = 1302 – 42·wt.% Cr – 61·wt.% Ni – 33·wt.% Mn – 28·wt.% Si – 1667·wt.% [C + N]

(Eq. 2.3)

The martensitic phase transformation in stable austenitic grades happens mainly when cooling down
to cryogenic temperatures. In the case of low-alloyed metastable ASS, the strain induced martensite
can be experienced at room temperature. Ms will increase above room Temperature when plastic
deformation is applied.
Thermodynamics of DIM are illustrated in Figure 5, where the “Martensite” and “Austenite” lines
represent the Gibbs free energies of austenite (γ) and martensite (α’) as a function of temperature [13].
The γα’ phase transformation should be expected when undercooling below T0, temperature where
the free energies of austenite and martensite become equal. Below this temperature, the free energy
of austenite is larger than the one for martensite. Nevertheless, the transformation does not occur
spontaneously until temperature reaches Ms, where the driving force for martensite nucleation
𝛾→𝛼′

reaches the critical free energy value (ΔG𝑀𝑠 ) and austenite has derived sufficient energy from
undercooling to overcome the barriers of nucleation.
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Figure 5. Chemical free energy of austenite (γ) and martensite (α’) as a function of temperature [13].

When a mechanical driving force (U’) is applied, it manages to diminish the necessary chemical driving
𝛾→𝛼′

force down to ΔG 𝑇1

and the Ms Temperature gets increased up to T1, or the temperature necessary

for a spontaneous phase transformation when a mechanical driving force (U’) is applied. Therefore,
the austenitic phase in Metastable ASS will be more prone to transform into martensite when
mechanically induced.
Focusing on the red circled zone in Figure 5, it seems clear that the mechanical driving force (U’)
necessary for the phase transformation increases linearly as temperature rises. As more stress is
applied, less undercooling will be needed for the transformation to occur, and higher will be T1.
Above certain temperature, named 𝑀𝑠𝜎 , the martensite nucleation will change mechanism (Figure 6).
In 𝑀𝑠𝜎 temperature, the stress applied reaches austenitic yield stress (σy), and austenite starts to flow
plastically. Thus, in austenitic elastic regime the transformation will be stress-assisted, which means
that more stress applied will favour martensite nucleation. When austenite starts to flow plastically,
strain-induced nucleation will be predominant, as defect creation in the form of shear bands will
generate low energy nucleation sites. Therefore martensite formation will be favoured with no effect
of the stress applied.
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Figure 6. Mechanisms of martensite transformation as a function of applied stress and temperature [14].

𝑀𝑑 temperature is defined as the upper limit for strain-induced martensitic transformation and can be
estimated according to chemical composition, as follows [15]:
Md(30/50)(°C) = 608 - 515·wt.% C - 821·wt.% N - 7.8·wt.% Si - 12·wt.% Mn – 13·wt.% Cr - 34·wt.% Ni 6.5·wt.% Mo

(Eq. 2.4)

Md(30/50) is the temperature at which 30 % of austenite will transform to martensite after the application
of a true strain of 50%.
Metastable ASS transformation at room temperature is known to be majorly strain-induced as the
creation of shear bands favour heterogeneous martensite nucleation.

2.3.2.

Influence of Stacking Fault Energy on austenite stability

Stability of austenite strongly depends on the SFE, as it controls the generation of energetically
favourable α’-martensite nucleation sites through formation of shear bands.
The SFE of ASS is affected by chemical composition. Carbon increases the SFE, while nitrogen decreases
it. AISI 301LN Metastable ASS presents low SFE comparatively to other stainless steel alloys, because
of low Carbon and high Nitrogen alloying [16]. For this specific case, during deformation, the γ-FCC
crystal structure will be energetically closer to a Hexagonal Close Packed (HCP) structure, and the
mobile (glissile) full dislocations will tend to dissociate into Shockley partials and form broader stacking
faults (SFs) than for the rest of ASS.
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The stacking sequence of FCC crystals is normally expressed as ABCABC. Figure 7a shows an FCC
stacking sequence, where the first row of crystals are named A, the second row will occupy several
voids of the A structure (marked as B) and the same for the third row (marked as C).
When deforming, the reduction of the SFE will produce the full dislocation with slip direction [110]
situated in B to move to C and finally move to B, instead of taking the direct route (B  B), as it will
take the most energetically favourable route, by dissociating into two Shockley partials of the ½[112]
family of slip directions (Figure 7b). This produces a stacking fault, which is a linear deffect that
produces a missing plane in the stacking sequence. Consequently, a part of the crystal will change from
FCC to HCP structure, with an ABABAB stacking sequence (marked with arrows in Figure 7c). Inside the
HCP boundaries, the FCC crystalline structure is unaltered but with a change in orientation with respect
to the austenitic matrix. This orinetation defect is named a mechanical or deformation twin, which
grows as an overlapping of intrinsic SFs on every successive {111} crystallographic planes.

Figure 7. a) FCC stacking sequence; b) Shockley partial dissociation in FCC crystals and c) HCP boundaries in
an FCC crystal, due to the creation of stacking faults. Formation of a mechanical twin [17].

Therefore, when SFs are formed, the FCC structure will always have thin layers of HCP phase (CAC and
CBC in Figure 7C), which act as nucleation sites for HCP precipitate growth, if intrinsic stacking faults
overlap regularly, on every second {111} plane.
The “general” transformation from austenite into martensite is understood as a γ-FCC structure
evolving into a BCC structure (α’-martensite). Nevertheless, the transformation occurs, either directly,
or via an intermediate state, where HCP martensite is formed (ε-martensite). This indirect route is
more present for the case of metastable ASS, due to their low SFE, therefore favouring nucleation sites
for HCP precipitates [18]:
-

Direct route: austenite (γ-FCC)  martensite (α’- BCC)

-

Indirect route: γ-FCC  martensite (ε-HCP)  α’-BCC

19

Report

It is generally accepted that the low SFE of austenite in ASS increases the ε-martensite formation
(indirect route), whereas an increase in SFE changes the dominant deformation mode from the
formation of ε-martensite to twinning, and then to slip (Figure 8). Increase in temperature also has an
influence and follows the same principle.

Figure 8. Deformation mechanisms of austenitic Fe-Mn-Cr-C alloys as a function of SFE and Temperature.
Adapted from Ref. [19].

The α’ and ε-martensite form almost simultaneously which makes investigation of their formation
mechanism rather difficult.
From a direct inspection of Figure 8, it is possible to relate the SFE to the main deformation
mechanisms for an ASS. ε-martensite is reported to appear when the SFE is below 18 mJ/m2 and
coexists with α’-martensite forms if the SFE is below 12 mJ/m2 [20].
An equation was determined to quantify approximately the SFE depending on the alloy composition
as follows [16]:
SFE (mJ/m2) = -53 + 6.2· (wt. % Ni) + 0.7· (wt. % Cr) + 3.2·(wt. % Mn) + 9.3·(wt. % Mo)

(Eq. 2.5)

Several experimental calculations of SFE for different ASS and other FCC metallic elements are
summarized in the Table 1 [10]:
Table 1. Experimentally-determined SFEs of various FCC materials at room temperature.

Material
SFE (mJ/m2)
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AISI 301LN
14

AISI 316L
14

AISI 304
17

Ag
22

Cu
78

Ni
90

Al
166
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According to data from Table 1, an AISI 301LN presents a SFE (mJ/m2) ≈ 14. Mechanical deformation
will trigger the indirect route for α’-BCC formation (ε-martensite is the main deformation
mechanism), but there will be no coexistence of martensite phases.

2.3.3.

Crystallography and morphology of the phase transformation

As explained, martensite can present two possible structures: ferromagnetic, α’-martensite, which
presents a Body-centred cubic (BCC) structure and non-ferromagnetic, ε-martensite, which presents a
Hexagonal Closed-Packed (HCP) structure.
Normally, martensite is referred to α’-BCC for stainless steels, but metastable ASS may also contain
HCP ε-martensite. This form has been shown to nucleate on the vicinity of SFs in which the volume
decrease associated with the FCC → HCP phase transformation is associated to the fault plane [18].
The diffusion-less transformation γ  α’ occurs according to a fixed crystallographic orientation
relationship.
The orientation relationship between the α’ and the  -matrix is commonly reported to follow the
criteria reported by Kurdjumov et al. [21] for which a {111} plane of the austenite lattice is parallel to
the {110}’ plane of the martensite, with a [110] axis of the former parallel to a [111]’˛ axis of the
latter; the associated habit plane is {225} . In any one crystal, there are 24 possible variants of the
Kurdjumov et al. relationship, consisting of 12 twin pairs, both orientations of a pair having the same
habit plane (Figure 9).

Figure 9. Formation of a martensite platelet in a crystal of austenite [22].

However, it is usual to choose one relation which may be written as [21]:
(111)𝛾 ‖(011)𝛼′
[1̅10]𝛾 ‖[111̅]𝛼′
In Metastable ASS, ε-martensite nucleates before ’, following the Nishiyama et al. orientation
relationship with respect to the  - matrix phase [23]:
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(111)𝛾 ‖(0001)𝜀
[1̅10]𝛾 ‖[112̅0]𝜀
It is usually difficult to distinguish between ε-martensite, faulted austenite and mechanical twins that
are formed during deformation, due to the overlapping of mechanically induced SFs. The terminology
of “shear band” is normally applied to group all this defectology.
In what is referred to morphology, in between the variety that martensite can present (lath, butterfly,
lenticular and thin plate), lath martensite appears more frequently in metastable ASS [24]. Although
difficult to see through an optical microscope, lath martensite presents a characteristic microstructure
(Figure 10). The - grain is divided into packets (a group of parallel laths with the same habit plane)
and each packet furtherly subdivided into blocks (a group of laths of the same orientation, e.g., the
same variant of the Kurdjumov et al. orientation relationship) [25].

Figure 10. Transmission electron micrograph (a) and optical micrograph (b) of lath martensite in Fe-0.2 wt.%C
alloy, and (c) schematic diagram showing characteristic morphology of lath martensite in an austenite grain
[25].
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The following image (Figure 11) represents the microstructure of a 31% cold rolled AISI 301LN, where
the coexistence of  and lath α’-martensite can be clearly seen:

Figure 11. Verifiable TRIP effect after 31% cold rolling of an AISI 301LN metastable ASS. Adapted from Ref. [26].

2.3.4.

Reversion heat treatments.

When metastable ASS are plastically deformed at room temperature, the transformation process
results in an increase in the yield strength. Consequently, cold forming operations, such as stamping,
hydroforming or cold rolling, are utilized in the automotive industry, because of the increase in the
work hardening coefficient of the material, improving the energy absorption capacity in order to meet
the safety standards regarding crash behaviour. Nevertheless, the strength increase is accompanied by
a decrease in ductility, which is one of the main advantageous properties of an ASS.
Surface grain refinement, is known to be the only method that allows the improvement of both
strength and ductility simultaneously [27]. When correct temperatures are applied, annealing of the
work-hardened metastable ASS may lead to the reversion of martensite into ultra-fine-grained
austenite. In addition, adequate post-annealing treatments upon previously deformed metastable ASS
improves the fatigue endurance strength [28].
Several studies have demonstrated the viability of reversion treatments to increase the ductility of AISI
301LN metastable ASS after cold rolling operations, such as reported in ref. [29], which makes
metastable ASS especially suitable for automotive bodies and other light weight structural applications
[30].
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2.3.5.

Mechanical response after the phase transformation

Deformation Induced Martensite enhances mechanical properties. According to Ref. [29] there is a
direct relationship between thickness reduction in cold rolling conditions (for a 301LN, 1.5mm
thickness sheet) and an increase in DIM. Figure 12 denotes that the higher the percentage of
martensite, the higher the values of yield stress, ultimate strength, and hardness, as well as the lower
the ductility.
Work hardening capabilities are related to martensite content. Martensite sustains a clearly higher
stress than austenite, concluding that ’-martensite acts as the reinforcing phase. For an AISI 301 steel
with martensite contents above 20 wt. %, the strengthening is directly related to martensite itself.
Below this content, the hardening is due to the acceleration of the dislocation generation in austenite
that martensite promotes.

Figure 11. Mechanical properties of steel after cold rolling: (a) yield strength (σ0.2), (b) ultimate strength(UTS),
(c) hardness (HV10), and (d) ductility (A%), for the case of an AISI 301LN 1.5mm sheet. AR: 75% cold rolled
reduction and annealed (ranging 1323 - 1353 K); additional cold rolling step with thickness reduction: 10% (S1),
20% (S2), and 40% (S3) [30].

The pre-existing martensite content majorly produces an increase in the yield strength (σ0.2) as well as
a reduction in the ultimate yield strength (UTS), shifting progressively the ASS into a brittle material.
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2.4. Surface Mechanical Modification Treatments
Several families of surface modification techniques are currently used, such as: mechanical, laser,
chemical or mixed techniques. This Master’s thesis will focus specifically on mechanical surface
modification techniques.
In this sense, it is well known that nano-structuring of the surface grains by means of surface
mechanical treatments, may effectively improve global behaviour and particularly the materials service
lifetime.
The enhancement of a surface layer of nano-grains (NG) or ultra-fine-grains (UFG) increases the
material hardness, as well as prolonging its fatigue life.
The surface Severe Plastic Deformation (SPD) implies the formation of high compressive residual
stresses enabling this region to exhibit higher resistance against fatigue crack initiation and
propagation [30].
In metastable ASS, small amounts of DIM are known to be produced, despite the severe deformation
rates. This martensite can induce material brittleness. Post-annealing operations may promote
reversion to austenitic phase, improving general surface ductility. Temperature must be thoroughly
controlled in order to avoid grain growth.
Higher corrosion resistance is attributed to NG or UFG surfaces, mainly due to the increase in the
density of diffusion paths available for alloying elements to migrate and rapidly form a surface
protective passive film [31].
Another aspect that should be noticed is that the rough surfaces created by SPD methods might mask
the beneficial effect of a NG/UFG surface. Roughness, when non-homogeneous, may induce stress
concentrations at specific points, thus facilitating crack initiation under fatigue conditions [32].
Surface nano-structuring not only favours surface properties, but bulk mechanical properties are also
improved. In this sense, a wide variety of mechanical surface Nano-structuring techniques are used to
obtain these previously explained results, up to similar extent. A brief explanation of these treatments
is carried out:
-

Ultrasonic impact peening (UIP) equipment, which (see Figure 12), consists of an ultrasonic
horn (element 4) of radii (Rh), which rotates at velocity (ωh) inside a fixed body (element 3 in
Figure 12). Its impact head contains cylindrical pins (element 2 in Figure 12) which acquire the
kinetic energy from the vibrating ultrasonic horn and produce impacts on the surface being
treated, in this case a flat surface, although it may acquire other shapes [32].
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Figure 12. Schematic representation of the UIP equipment. In this case, for processing flat surfaces [32].

-

High-Energy Shot Peening (HESP) technique is used in [31], where stainless steel balls with ≈
0.8 mm in diameter are shot with high velocity to the end face of a 1Cr18Ni9Ti stainless steel
plate under high pressure of about 0.5 MPa, for 5 min, with help of a peening gun which
directions the ball flux, resulting in SPD of the surface layer.

Figure 11. Schematic illustration of a generic HESP treatment set-up [33].

-

Ultrasonic Shot Peening (USSP) and Surface Mechanical Attrition (SMAT) techniques are
similar to a HESP method. In these two cases, stainless steel balls are placed in a reflecting
chamber which vibrates by means of an ultrasonic (USSP) or vibration (SMAT) generator.
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Figure 12. (Left) Schematic illustration of a generic USSP or SMAT treatment set-up [34]. (Right)
Photography of an experimental SMAT setup [28].

Similarities and differences between HESP, USSP and SMAT:


HESP and USSP induce a high vibration frequency of the system (≈ 20 kHz), whereas SMAT not
that much (5 - 10 Hz).



In USSP and SMAT the surface of the treated sample is randomly peened, whereas HESP
directions the peening (generally perpendicular to the sample).



Much larger ball diameters (a few mm) are used for the SMAT with respect to the USSP or HESP
(0.2 – 1 mm).



The velocity of the balls in the SMAT process is much lower (1 – 20 m/s) compared with HESP
or USSP (typically about 100 m/s).

The thickness of the nanostructured surface layer differs gently due to differences in operational times
and all the previously commented variables.
Nevertheless, an increase in experimental time is not directly related to a greater reduction in grain
size. In fact, excessively shot peened (SP) samples produce a degradation of the fatigue life.
USSP is used in Refs. [35] [36] and SMAT in Refs. [28] [34], to obtain a Nano-crystalline surface layer
with similar grain sizes between 1 – 100 nm and surface depths between 10-100 µm from the surface.
-

Sandblasting is another Nano-structuring technique based on the blast by a sand flow, carried
by pressurized, air upon the sample, to obtain similar results as previously stated. It is
characterized by producing surface defects, such as roughness. As reported in Ref. [37], 20nm
grain sizes are obtained by blasting sand flow of silica particles under 200 kPa for 10 min. On
the other hand, in Ref. [38] corresponding average grain sizes were 112, 108, 96, and 32 nm
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when blasting with silicon carbide particles that had an average diameter of approximately
500 μm and air flow pressure was 230 kPa. No operation time is specified. Finally, in Ref. [39],
sandblasting is used primarily as a treatment to improve surface roughness, using 13 grit silica
sand at 800 kPa pressure and a working distance of 5 – 10 cm.
-

Grinding: Ground polishing technique is usually used for finishing steps and sample
preparation for light microscopy. The grinding zone involves contact between an
abrasive, typically silicon carbide (SiC) or Alumina (Al2O3), with a randomly structured
topography, and the workpiece material, in contact with a fluid lubricant, usually
water. The process is largely influenced by the friction of the interface (related to the
machining power), the flow characteristics of the material, and the grinding speed
[40]. The high energy that the grinding interface is subjected to may produce surface
temperature increase of the material workpiece, promoting martensite phase
transformations in metastable ASS. Moreover, increase in compressive residual
stresses has been reported as well as nano-structuring of the surface layer [27], [29],
[41], [42]. There is a need for controlled grinding processes which give a desirable
surface finish to components in order to promote their service lifetime.

2.5. Summary of the literature review
This section started with a definition of a Stainless Steel and a general explanation of the main families.
Stainless steels are ferrous alloys with high percentages of Cr and also contain many other alloying
elements, which may be used to enhance mechanical and physical properties. These alloying elements
are divided into two groups depending on the microstructural phase which they help to stabilize: ferrite
(alphagenes) or austenite (gammagenes). Separating them into these groups, advantages and other
specific properties that some alloying elements enhance have been preliminarily discussed, to finally
set some principles to Stainless Steel design, according to changes in chemical composition, with the
help of the Schaeffler & De-Long diagram.
Next, the focus centred in the Austenitic family of Stainless Steels and its main characteristics, which
make them extensively used in the automotive industry. Austenite (γ-phase) is the main phase at room
temperature, which may be more or less energetically stable depending on factors such as processing
routes or chemical composition.
The concept of metastability of this phase (retained austenite) refers to the transformation of austenite
into martensite under stress/strain conditions, obtaining the so-named Deformation Induced
Martensite (DIM), up to some percentage. This plastically-induced transformation is what is named as
the TRIP effect. Its thermodynamics, crystallography and morphology have been covered.
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The phase reversion and Nano-structuring that thermal treatments convey make them interesting
when ductility must be enhanced after the TRIP effect.
Further, the mechanical response after the induced phase transformation and the need to improve
them in order to enhance service lifetime of metastable stainless steels in automotive components
have propelled and extensive use of Surface Mechanical Modification Treatments (SMMT). They
produce a surface layer of Nano-grains, which is known to increase material hardness, improve
corrosion resistance and bulk mechanical properties, as well as to prolong fatigue life. The most
extensively used SMMT have been presented and compared up to short extent.

2.6. State of the art
A database research regarding related published works, from the year 2000 to the present, has been
performed using the Scopus database. Several key concepts have been phrased:
i)

Metastable Austenitic Stainless Steels

ii)

Surface Modification

iii)

Grinding

The amount of published works per year for each key concept are illustrated in the form of
histograms in Figures 13 to 15.
As shown in Figure 13, for the Key Concept “Metastable Austenitic Stainless Steels”, during the last
twenty years there has been a slightly fluctuating linear growth in interest, reaching its peak in
2019 with more than 80 related publications:
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Figure 13. Ratio of the number of articles published per year. Key concept: Metastable ASS.
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The same tendency seems to be followed by the other two chosen Key concepts, “Surface
Modification” (Figures 14) and “Grinding” (Figure 15):
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Figure 14. Ratio of the number of articles published per year. Key concept: Surface Modification.

year
Figure 15. Ratio of the number of articles published per year. Key concept: Grinding.

Generally, the total amount of published works in the last 20 years, per key concept, is:
-

742 for # Metastable ASS (i)

-

151497 for #surface modification (ii)

-

49215 for # grinding (iii)

Furthermore, Figure 16 represents the amount of published works per year for the sum of the three
previous key concepts. It shows that only two articles are obtained by limiting the search to the sum of
the three key concepts (i+ii+iii). Their topics are not necessarily similar to the scope of this master thesis.
Within this context, the scope of this Master’s project can be classified in the front of the research.
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year
Figure 16. Ratio of the number of articles published per year. Key concepts: (i+ii) Metastable ASS + Surface
Modification; (i+ii+iii) Metastable ASS + Surface Modification + grinding.

Furthermore, the previously mentioned two article papers found in the Scopus library obtained by
limiting the search to the sum of the three key concepts (i+ii+iii) are summarized as follows:
1.

S.K. Balijepalli et al. , Elastic modulus of S phase in kolsterized 316L stainless steel,
Metallurgia Italiana, Volume 105, Issue 1, Pages 42-47 (January 2013).
This article focuses on the study of a 316L ASS, which is kolsterized to improve surface
hardness. Kolstering is a thermo-chemical treatment operating at low temperatures
(<470ºC), avoiding the formation of chromium carbides, which get formed at high
temperatures and are an obstacle to corrosion resistance. Nevertheless, after Kolstering,
austenite has its surface layer supersaturated of interstitial S phase elements, which
hinder the propagation of fatigue cracks and improves wear resistance of 316L,
maintaining corrosion resistance in concentrated H2SO4 and NaOH. The objective of this
work is the study of the Young’s Modulus of the obtained kolsterized layer by means of
Mechanical Spectroscopy and nano-indentation tests. The thickness of the layer hardened
by kolstering was 33 ± 1 μm. Nano-indentation was considered with a Berkovich punch
applying three different maximum loads at a constant load rate. Successive modulus
measurements are carried out on the same sample progressively thinned by mechanical
grinding . As thickness decreases, Young's modulus increases because the contribution of
the hardened layer (kolsterized layer) becomes more and more important. The kolsterized
layer is not homogeneous since C concentration is maximum near the surface and
decreases to reach a value close to that of not treated material at a depth of some tenths
of microns.
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2.

M. Novelli et al. , On the effectiveness of surface severe plastic deformation by shot
peening at cryogenic temperature, Applied Surface Science, Volume 389, Pages 11691174 (December 2016)
The effect of cryogenic temperature (CT) on the graded microstructures obtained by
severe shot peening using surface mechanical attrition treatment (SMAT) was investigated
for two austenitic steels that used different mechanisms for assisting plastic deformation.
For the metastable 304L steel, the depth of the hardened region increases because CT
promotes the formation of strain induced martensite. Comparatively, for the 310S steel
that remained austenitic, the size of the subsurface affected region decreases because of
the improved strength of the material at CT but the fine twinned nanostructures results in
significant top surface hardening.
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3. Scope and Objectives
3.1. Scope
Several methods are used to modify the surface of metastable ASS. It is well known that these
techniques significantly improve fatigue life, bulk mechanical properties and corrosion resistance.
Scarce parametrization studies have been done which are able to correlate the surface modifications
with their resulting microstructure and properties. Therefore, it is difficult to apply these techniques
for the establishment of safe procedures for topography design of industrial components, as there are
only general guidelines but no exact predictions of what to expect regarding their mechanical
behaviour.
For a metastable austenitic stainless steel AISI 301LN, surface-treated under different conditions,
exploring the microstructural characteristics obtained (ratio /’, phase morphology, distribution of
each phase, among others), the deformation mechanisms which become active (dislocation glide,
shear bands, etc.), and the overall mechanical properties obtained for each specific condition, would
unravel the overall deformation behaviour and permit this knowledge to be practically applied in the
automotive industry, in order to improve the materials surface properties.
Ground-polishing is extensively used for sample preparation and roughness texturing of metallic
materials. The state of the art histograms, obtained using Scopus, show that this technique has not
been studied when regarding its approach as a SMMT and improvement of mechanical properties for
metastable ASS.

3.2. Objectives
The long-term goal of this Master’s thesis is to superficially modify AISI 301LN metastable ASS
specimens by means of a ground polishing process, in order to enhance the tribological and
mechanical properties, by simulating service life conditions.
Using samples of AISI 301LN metastable ASS, whose surface has been mechanically polished and
furtherly electro-polished, the main objectives in order to reach the long-term goal of this research are:
1. To apply a ground polishing study, using a semi-automatic machine to systematize polishing
applied load, by fixing procedure times. The following parameters will be modified: Grinding
disks/cloths, and the applied compressive load.
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2. To evaluate the microstructural changes in terms of compressive residual stresses, determine
and quantify the amount of induced martensitic phase and finally be able to determine the
Ultra Fine Grained (UFG) layer induced by the grinding/polishing process.
3. To evaluate the mechanical integrity of the formed UFG layer, in terms of hardness, elastic
modulus and tribological properties.
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4. Materials and Methods
4.1. Material
The material used for this investigation is an AISI 301LN (EN 1.4318 grade) supplied by OUTOKUMPU
company (Finland) in the form of a 1.5 mm thickness sheet, with chemical composition (nominal
values), summarized in Table 2:
Table 2. Chemical Composition (in wt. %), obtained by Electron Probe Microanalysis (EPMA) for N, and using
Energy Dispersive X-Ray spectroscopy (EDX) for the rest of elements.

Element
Wt. %

C
0.02

Si
0.48

Mn
1.29

Cr
18.63

Ni
6.38

Cu
0.14

Mo
0.04

P
0.03

N
0.07

Fe
Bal.

The material sheet is served in ½ hard, no skin-pass, no annealing conditions.


½ hard refers to Half-hard temper, which is applied in order to obtain a stainless steel with
HRB ranging 75 to 85. The percentage of rolling reduction conditions greatly the obtained
mechanical response. The general effect of cold working on an ASS is an increase in yield
(RP0,2%) and ultimate strength (RM) and a decrease in the elongation to fracture (A5) [43]. Figure
17 resumes the engineering stress/strain response for an AISI 301LN subjected to increasing
percentages (A  D) of applied cold deformation [44]:

Figure 17. Effect of cold work (deformation %) on an AISI 301LN ASS. Where A to D denotes the level of
deformation, being this equal to: A= 2%, B = 23%, C = 36% and D =42% [44].



No annealing has been performed in order to restore the material properties prior to cold
deformation and/or to reverse the γ-α’ phase transformation.
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A further very light cold rolling treatment (0.5-1% reduction), named skin pass operation,
usually performed in order to improve surface finish and reduce the roughness, was not
applied for this case.

4.2. Sample Preparation
4.2.1.

Cutting and mounting

Samples of square dimensions 1.5 x 1.5 cm (Figure 18, left) where initially cut from the material sheet
using an industrial STILCRAM, model TRGM-135, electromechanical shear (Figure 19). Due to the high
power it is able to apply (3KW), using this machine assured minimising the damage on the sample
strictly to the cutting area (reduction of the deformation zone), thus avoiding microstructural
alterations (mainly related to phase transformation).

Figure 18. Sample square dimensions: 1.5 x 1.5 cm. (Left) shear cut sample (Right) Resin mounted (no polish).

Figure 19. (Left) General view of the STILCRAM TRGM-135 electromechanical shear machine. (Right) cutting size
(1.5cm).
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The sheared samples where later resin-mounted (Figure 18, right) using DUROFAST (Struers) epoxy
hot mounting resin and an automatic heat compression press, located at ETSEIB laboratories, the ,
BUEHLER Simplimet 4000 (Figure 20). The main parameters employed to embed the different
specimen are specified in Table 3.

Figure 20. Automatic mounting press. Simplimet 4000 (BUEHLER).
Table 3. Mounting parameters.

Machine
BUEHLER
Simplimet 4000

4.2.2.

Pressure applied
290Bar

Heating
T (ºC) time (min)
180

5

Cooling
time (min)
Fixed by the machine
(Smart Cool)

Grinding and electropolishing processes

Prior to surface modification of the specimens, they were ground polished and furtherly electropolished, in order to reach the desired quality, mainly in terms of:
(1) Flatness (roughness below 100 nm).
(2) Amount of pre-existing martensite before the surface modification process, to match the same
amount as reported by the manufacturer (around 10 % content of ’-martensite).
4.2.2.1. Ground polishing process
The main machine used for ground polishing purposes was the BUEHLER Automet 250, coupled with
an Ecomet 250 motorized semiautomatic power-head (Figure 21).
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Figure 21. BUEHLER Automet 250 semiautomatic grinding/polishing machine.

Semiautomatic processes reduce human error and decrease grinding/polishing times. Head and base
were set to rotate in the same direction. The grinding step, using silicon carbide papers and water as
cooling media, eliminated all resin covering the sample, as well as assured completely plain samples.
Two further steps were performed in order to gradually reduce surface scratches and finally obtain
samples in adequate conditions to be furtherly electro-polished. The established rough polishing
procedure is clearly stated in Table 4.
Table 4. Ground polishing procedure.

abrasive
Particles
Material +
diameter size
lubricant
(μm)
25
SiC + water
15
SiC + water

Step
(1)
(2)

time
(min)
5
10

Force
(N)

disc speed
base/head

Disk/Cloth
used

20
20

30/150
30/150

Struers P600 SiC paper
Struers P1200 SiC paper

4.2.2.2. Electro-polishing process
Electro-polishing is an electrochemical process where the metallic sample acts as an anode in an
electrolytic cell (bath) containing an appropriate electrolyte fluid. The surface is smoothed and
brightened by the anodic solution when the correct combination of bath temperature, voltage, current
density, and time is employed [45]. When electro-polishing is correctly performed, the prepared
surfaces become scratch-free and the mechanical deformation induced by cutting and grinding is
removed, recovering the crystallography of the starting material. Consequently, all samples were
electro-polished in order to eliminate surface scratches (assure flatness) and the elimination of the
deformation induced martensite created during the ground polishing process, as well as the introduced
residual compressive stresses.
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A Buehler Polimat 2 electro-polishing machine was used, consisting of a control module (label b in
Figure 22) and a separate electrolytic cell (label a in Figure 22). This machine permits, if needed, to
polish and further etch the sample, by applying two separate cycles.

Figure 22. Buehler Polimat 2 electro-polishing machine. (a) Electrolytic cell and (b) control module [46].

The operating conditions of a particular sample-electrolyte combination can be evaluated by preparing
a plot of the applied voltage versus the current density (Figure 23). For polishing to occur, one must
find the correct relationship, situated on the plateau C-D (delimited with a green square in Figure 23).
At region A-B, chemical etching will occur, while in D-E, at higher voltages, polishing will be
accompanied by pitting corrosion and gas evolution.

Figure 23. Classic relationship for electro polishing solutions between applied voltage and current density [45].

Each electro-polishing plot fixes temperature and time conditions. The chemical stability of the
electrolyte is also an important factor. The many factors affecting the process lead to reduced
repeatability and some unpredictability of results.
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For this case, the best working conditions, choosing a 69% concentrated Nitric acid (HNO3, Panreac) as
the electrolytic medium, were: 11.6 V applied voltage during 15 s.
The Buehler Polimat 2 electro-polishing machine supports a maximum current density of 6 Amperes
(A), above which the fuse blows to protect the equipment from overload. The applied voltage of 11.6V
assured enough current density (average ranging 15.6 - 15.8 A, depending on the contact between the
electrolyte and the anodic sample) to assure that scratches were eliminated but no pitting appeared,
therefore situating the experiment in the optimal electro polishing conditions (plateau C-D, Figure 23).
Furtherly, the 15s processing time was selected by analysing the evolution of the amount of martensite
with increasing electro-polishing time.

4.2.3.

Experimental conditions. Surface ground polishing

Once the samples were electro-polished to the aforementioned reference conditions, the ground
polishing study was performed, by parametrizing (Table 5):
Table 5. Parametric study of the ground polishing process.
Roughness
grade
1
2
3

abrasive
Particles
Material +
diameter size
lubricant
(μm)
diamond
3
slurry
diamond
30
slurry
≈ 54
SiC + water
(GRIT P 240)

Disk/Cloth

grinding
time
(min)

Applied
load (N)

disc speed
(base/head)

Struers MDDac
Struers MDPlan
Struers P240
SiC paper

1

5, 20, 35

30/150

4.3. Microstructural characterization
4.3.1.

Microstructural Imaging: Optical and Electron Microscopy

4.3.1.1. Optical Microscopy
The Optical Microscope (OM), also named light microscope, uses visible light and a system of optical
lenses to generate magnified images of small objects.
The opaque metallic sample were illuminated with reflected light using a Brightfield (BF) contrast
method, which is a suitable method for observing the natural colours of a specimen or observing
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stained samples. A solid cone of light illuminates and enters the objective lens at BF. The specimen
appears darker on a bright background.
The main disposal and components of an optical inverted microscope are (left, Figure 24):
1. Condenser lens: its function is to concentrate the light coming from the source, in this case, so
that it enters the lens evenly and under the right conditions.
2. Objective lenses: These are the most important components of the light microscope. The
ability of these lenses to collect light is characterized by their degree of Numerical Aperture
(N.A). As a general rule, as the magnifying power of the target increases (from 5X to 100X for
this microscope), the working distance decreases. Targets are mounted on a revolving turret
for easy magnification selection.
3. Eye lenses: Used to enlarge the primary image produced by the objective so that the human
eye can use its full resolution.

Figure 24. (Left) OM fundamental design. Adapted from Ref. [47] (Right) Zeiss Axio Vert .A1 Inverted optical
microscope.

General OM procedure starts conveniently by illuminating the area of interest. Then the optical
parameters are chosen, which are magnification and aperture (fixed by each specific objective lens).
Finally, the depth of field (focus) is varied to achieve the best resolution within the chosen optical
parameters.
Nevertheless, OM has a resolution limit to distinguish objects and features less than 0.1 m (100 nm).
The resolution limit is an intrinsic property of the wavelength () of visible light radiation, and varies
from 400 nm (blue) to 700 nm (red) [48].
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In this Master’s thesis, a Zeiss Axio Vert .A1 Inverted optical microscope (right, Figure 24) was used to
assure correct sample preparation, as well as to obtain a general macroscopic identification of
microstructural phases.
4.3.1.2. Scanning Electron Microscopy
Taking into account the electromagnetic spectrum, radiation with wavelengths shorter than visible
light includes ultraviolet rays (100 - 400 nm) or X-rays (10 pm -10 nm). These shorter wavelengths
interact more strongly with the nanostructured materials, producing higher resolution images.
In Electron Microscopy, the wavelengths of the electrons depend on their momentum, which will
change as they accelerate through a range of voltages. Higher acceleration voltages produce high
energy electrons with shorter wavelengths.
The main advantage of electron microscopy is its high image resolution compared to light microscopy,
which allows observing objects at the atomic level (<0.1nm). Some critical aspects to be considered in
electron microscopy are:
-

Electrons interact with air molecules. Consequently, the process will require vacuum conditions:
0.1 – 10-4 Pa for Scanning Electron Microscopy, SEM (low vacuum), and 10-4 - 10-7 Pa for
Transmission Electron Microscopy, TEM (high vacuum).

-

Typical electron microscopes operate on electrons with energy between 1 - 300 keV. The
transfer of energy to the material in the imaging process can lead to structural changes in the
material, which will be greater or less depending on the material and the methodology used.

Upon impact against the sample surface, the primary electron beam will pull electrons from the
material at different levels of surface depth, as shown in Figure 25.
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Figure 25. Interaction of incident electron beam with a metallic sample [49].



Secondary electrons (SE): Low energy electrons (1- 50eV) originated at approx. 100nm of the
material surface. Being very superficial, they give topographic information about the material
(roughness, texture, etc.).



Backscattered electrons (BSE): High energy electrons (18000eV) originating at approx. 1m
below the surface of the material. Its extraction depth is used to detect different phases in a
sample.



X-rays: When the electron beam enter individual atoms, vacancies are created and SE are
expelled from the atomic orbitals. These vacancies are filled by electrons from other moving
orbitals. The released kinetic energy is in the form of X-rays. They are used for mapping
chemical composition of alloys.



Auger electrons: Very low-energy electrons from the outer atomic orbitals expelled by X-rays
when these are leaving the atom. They originate at approx. 1nm of the material surface and
are used to perform surface chemical analysis.



Transmitted electrons: Electrons from the incident beam passing through the sample. Their
measurement allows to see material defects, such as twins, dislocations, stacking faults, etc.

The Scanning electron microscope is used to obtain high resolution images of the surface topography
by the detection of SE, as well as information about the chemical composition and phases by means of
X-Ray and BSE detection.
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4.3.1.3. Field Emission Scanning Electron Microscope
A Field Emission Scanning Electron Microscope (FESEM) works following the same principles as a SEM
(see section 4.3.1.2.), but differs in the way the primary electron beam is created. While the SEM uses
a thermionic emitter, in which an electrical current heats up a filament of tungsten or lanthanum
hexaboride, in the FESEM the electrons are pulled off by an electric field, allowing to obtain higher
resolution images when working at low potentials [50].
4.3.1.4. Focused Ion Beam
The Focused Ion Beam (FIB) technology offers direct micro- and nano-scale deposition and/or material
removal (machining) of a solid surface resulting from ion–atom collisions. A liquid-metal ion source
produces ions (usually Ga+) which are then focused into a beam by an electric field. The beam directs
a stream of high-energy ionized atoms upon the target sample.
Coupled with a FESEM, secondary electrons emission detection can be used to obtain high-resolution
images [51]. The combination of a FIB and a FESEM in one system is the so-called two beam system (or
dual beam system), labelled as FIB/FESEM.
The FIB/FESEM can be used for in-situ observation of structural cross-sections, and characterization of
ground polishing effects on the subsurface of our material. It is extremely useful for generating 3dimensional (3D) visualization of material microstructure, appropriate for characterizing
microstructural features in the length-scale range from ∼ 0.1 to 10 μm, and is ready to be applied to a
wide range of materials [52].
The two-beam system allows FESEM imaging and FIB sample modification with no sample movements.
An integrated software with a single user interface controls the two-beams. The ion beam and electron
beam are placed in fixed positions, with an angle of 45 – 54 º between them for best performance
(Figure 26a). The electron column is mounted vertically inside the vacuum chamber, whereas the ion
column aligns with the electron column. The sample is arranged so that it lies in the coincidence point
of the two beams.

44

Characterization of the surface modification of a Metastable Stainless Steel induced by Ground
Polishing

Figure 26. (a) Combined FIB/FESEM beam system configuration [51] and (b) micro-machining operation control
by coupling a FIB/FESEM with a GIS [53].

The Ion beam (charged particles) interaction with the sample surface can be modified when reacting
molecules are introduced as a gas, thanks to a Gas Injection System (GIS), in the working area (Figure
26b):
-

When a reactive gas is introduced, the mechanical milling due to the FIB can be enhanced or
reduced due to local chemical reactions. The amplified variations of the material removal rate
are used to perform selective etching or enhancing homogeneous surface milling.

-

With other gases, surface deposition can be generated. Nevertheless, if the FIB beam is directed
to a specific spot during too much time or if the injected gas is not constantly replenished, the
deposited material can de milled away. A suitable precursor makes possible to build
microstructures from various materials [53].

Sequential milling of layers using the ion beam and simultaneous examination of site-specific crosssections using the electron beam, permits to gather a batch of 2D images, which subsequently, can be
transformed into 3D image reconstructions with the software package (mainly using the AVIZO
software).
The Research Centre in Multiscale Science and Engineering (EEBE - UPC) is equipped with a Neon40
Crossbeam™ workstation acquired from Carl Zeiss and equipped with a field emission electron column,
gallium ion (Ga+) beam column and gas injection system for gas assisted deposition and milling (Figure
27). This equipment has been used in this Master’s thesis to conduct a FIB cross-section and determine
the thickness of the nanostructured layer induced during the grinding process, as well as in order to
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observe the microstructure induced during the grinding process and finally the deformed
microstructure after the burnished process.

Figure 27. Zeiss Neon 40 FIB/FESEM coupled with GIS.

4.3.2.

Quantification of α’-martensite evolution: X-Ray Diffraction

The X-Ray diffraction (XRD) technique permits the determination of the amounts of the different
crystalline phases forming a metallic alloy.
4.3.2.1. X-Ray Diffraction. Theoretical background
Diffraction can be generally defined as the physical phenomena that a wave experiments when it
encounters an obstacle or it goes through an infinitesimal slit, producing a change in its shape and
propagation direction.
When an X-Ray beam of a single wave length () (monochromatic) strikes the surface of a material, it
disperses producing phase differences between incident waves (Figure 29, waves 1 -2), as a direct
consequence of the periodic arrangement of atoms. Consequently, depending on the distance
between atomic planes (Figure 28, A-B, dhkl) as well as the angle with respect to incident light (), this
dispersion can be constructive (diffraction), where the wave gets reinforced in amplitude with respect
to the incident wave, or destructive, where the signal ends being eliminated (Figure 28).
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Figure 28. Diffraction of incident x-ray beam [54].

The interference will be constructive when the equation of the Bragg’s law (Eq. 4.2.) is satisfied:
𝑛𝜆 = 2𝑑ℎ𝑘𝑙 𝑠𝑖𝑛𝜃
-

n: Integer number

-

: Wave length

-

dhkl: Distance between planes of the crystalline structure.

-

: Angle between the incident beam and the dispersion planes.

(Eq. 4.2.)

Bragg’s law (Eq. 4.2.) relates the wavelength of the incident X-ray beam ( with the interatomic
distance (dhkl) between planes of a crystalline structure and the angle of incidence of the diffracted
beam (2θ) with respect to the sample. Thus, an XRD spectra is a plot representing the intensity of Xrays scattered at different angles and captured by a detector. Figure 29 is a representative diffraction
peak pattern obtained for an AISI 301LN provided by Outokumpu [55].

Figure 29. XRD spectra showing the austenite-γ and martensite-α’peaks for a reference 301LN stainless steel
[55] in the current production conditions.
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Figure 30. Miller indexes for each diffraction peak, which can be related to their underlying cubic crystalline
structure.

Every material has a unique diffraction pattern which acts as a “fingerprint”. The ’-martensite and austenite phases present identical chemical composition, but different arrangement of atoms, as their
cubic crystalline structures differ (’ is BCC while  is FCC). Using Bragg’s law, the Miller Indexes (h,k,l)
for each diffraction peak may be obtained when the interatomic distance between planes (dhkl) is
known. The relationship between the Miller indexes determines the specific cubic phase representing
each peak. Consequently, Figure 30 shows the phases representing each diffraction peak for an AISI
301 LN stainless steel, in the specified production conditions.
4.3.2.2. Phase quantification. The Reference Intensity Ratio Method
The Reference Intensity Ratio (RIR) method is a qualitative analysis which uses the intensity of the
individual peaks of the different phases to determine the relative amount of each phase. Its general
procedure is outlined in ASTM Standard E975-03. The fraction weight percentage of martensite with
respect to austenite is determined following:
𝑋𝛼′
𝑋𝛾

=

𝑅𝐼𝑅𝛾
𝑅𝐼𝑅𝛼′

i.

∙

𝐼𝛼′ ,𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑
𝐼𝛾,𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑

∙

𝐼𝛾,𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
𝐼𝛼′ ,𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

(Eq 4.3.)

RIR coefficients, by convention, give the ratio of the maximum peak intensity of the crystal
of interest to the reference peak of corundum in a 1:1 mixture of the two compounds. The
RIR of γ-FCC is 7.97, while the RIR of α’-BCC is 10.77 [56].

ii.

The observed values of intensity represent the intensity for each peak in the obtained XRD
pattern.
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iii.

The reference values indicate the expected intensity order for each individual peak,
according to reference crystallographic databases. In this study we use the ICDD
databases’ Powder Diffraction Files (or PDF) for austenite and martensite, as extracted
from [56] and mainly summarised in Table 6:
Table 6. Reference Intensity values for each diffraction peak. FCC-γ (left) and BCC-α’ (right).

phase

RIRγ

reference data

phase

RIRα'

reference data

FCC-γ

7,97

PDF 03-065-4150

BCC-α'

10,77

PDF 03-065-4899

hkl

2θ

Iγ,reference

hkl

2θ

Iα',reference

111
200
220
311
222

43,695
50,794
74,739
90,629
95,98

100
42,5
17,8
16,6
4,6

110
200
211
220
310

44,652
64,817
82,095
98,711
115,83

100
11,6
17,4
4,5
6,2

Assuming that the only phases which are present are austenite and martensite, the percentage of
austenite may be calculated (Eq. 4.4.) by comparing each austenite and martensite peak, and finally
averaging all the results obtained.
100

𝛾(%) = 𝑋𝛼′
𝑋𝛾

+1

(Eq. 4.4.)

More precise computational methods, such as the Rietveld method, consider not only the primary
peaks, but the whole diffraction spectra, providing more rigorous results. Nevertheless, this analysis
was not considered due to complexity and the need to dispose of a software package license.
4.3.2.3. X-Ray diffraction equipment
A Bruker D8 Advance diffractometer (Figure 31) was used for phase identification.

Figure 31. (Left) X-Ray detector. General setup [57]. (Right) Bruker D8 Advance diffractometer.
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The sweep was carried out from 10º ≤ 2ϴ ≤ 120º using a Copper (Cu) anode as the X-Ray radiation
source. The step size of the measurement was held constant and equal to 0.02º.

4.3.3.

Surface Compressive Residual Stresses. Determination from X-ray Diffraction Data

Surface compressive residual stresses may develop in metal pieces in response to, among other
physical phenomena, induced plastic deformation processes such as machining and grinding.
They may be quantified with the help of XRD. Bragg’s law (Eq. 4.2.) predicts a change in diffraction
angle (2) when the inter-planar spacing between crystallographic planes (d) varies, as depicted in
Figure 32.

Figure 32. (Left) no compressive residual stresses and (right) presence of compressive residual stresses.

Figure 33 shows the diffraction of a monochromatic beam of X-Rays for two orientations () of the
sample relative to the source. S represents the X-Ray source whereas D is the detector. N is the vector
normal to the material surface plane.

Figure 33. Schematic representation of the measuring principles of compressive residual stresses by XRD. (a)

d = d0; bd = d [58].
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Fixing a specific measurement point, rotating the sample on its normal surface and measuring the
change in the angular position (2) of the diffraction peaks for at least 2 orientations of the sample (),
permits the calculation of the stress present in the sample surface by means of the Plane-Stress elastic
Model (Eq. 4.5.), as follows:

𝜎=(

𝐸

1

𝜕𝑑𝜑

) · 𝑑 · (𝜕𝑠𝑖𝑛2 𝜑)
1+𝜐

(Eq. 4.5.)

0

Where E represents the elastic modulus of the investigated material, and  its Poisson ratio. A general
approach to these elastic properties, extracted from Ref. [59], is: E= 200 GPa and 0.3.
𝜕𝑑

As Figure 34 depicts, the 𝜕𝑠𝑖𝑛𝜑2 𝜑 term can be directly extracted as the slope of the linear adjustment of
the crystallographic spacing (d) for each orientation angle (sin2):

Figure 34. Generic representation of the crystallographic spacing (d) vs sin2

𝜕𝑑𝜑

𝜕𝑠𝑖𝑛2 𝜑

represents the slope of the

linear adjustment of results [58].

The residual stresses induced during the surface modification are measured in collaboration with the
Molecular Surface Physics and Nanoscience (MOLYT) at Linköping University (Linköping, Sweden).
Experimental procedure: Surface compressive residual stresses were calculated with the sin2 method
by XRD analysis (Empyrean, PANalytical) using Cu-kradiation (40 kV and 40 mA). An X-ray lens with
cross aperture (primary side) and parallel plate collimator with 0D proportional counter detector
(secondary side) were employed. The main peak found at 2 =43º was used for the stress calculations,
at Chi angles from -60º to +60º in 6 steps. The use of a peak at low 2 was necessary to obtain an X-Ray
penetration depth similar to the thickness of the stressed layer. The loss of sensitivity at small 2 angles
was reduced by using parallel plate collimators on the secondary side [60]. As the stress measurements
performed in the (111) may be influenced by surrounding peaks, such as the (110)a’, some of the
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spectra were deconvoluted with the PANalytical HighScore Plus software, in order to obtain more
accurate values. The X-ray elastic constants (XECs) used for such calculations were S1 = -1.58 TPa-1 and
1/2S2 = 6.50 TPa-1 [61].

4.3.4.

Surface Roughness Analysis.

Surface roughness can be defined as the set of irregularities of a surface, in a section where the shape
errors and the undulations have been eliminated. In order to clarify this definition, one must
understand the difference between the two main surface imperfections: roughness and waviness,
illustrated in Figure 35 [62].

Figure 35. Roughness vs waviness profile [62].

The surface roughness is a product of the unique texture that each tool/machine, working at specific
conditions, ends up generating on the samples’ surface, and can be related to the behaviour of the
material surface against friction, wear, etc. Surface waviness is a consequence of the misalignments
originated during machining (light form defects). Normally, these surface irregularities are present
simultaneously. The first step of every surface roughness analysis is filtering of the surface profile data
obtained (low or high pass frequency cut-off filtering), in order to separate both profiles.
The main parameters of a linear-2D roughness profile analysis are the so-named R parameters. The
most commonly used ones are presented in Figure 36 [63], and briefly explained below:
1 𝑙𝑟
∫ |𝑍(𝑥)|𝑑𝑥
𝑙𝑟 0

-

Ra: Mean value of the absolute value of Z(x) at reference length; 𝑅𝑎 =

-

Rc: Mean height Zt of contour curve elements at reference length; 𝑅𝑐 =

-

1 𝑚
∑ 𝑍
𝑚 𝑖=1 𝑡𝑖
1
RSm: Mean length Xs of contour curve elements at reference length; 𝑅𝑆𝑚 = 𝑚 ∑𝑚
𝑖=1 𝑋𝑆𝑖

52

Characterization of the surface modification of a Metastable Stainless Steel induced by Ground
Polishing

Figure 36. Typical surface roughness parameters [63].

There are two types of surface roughness measurements: contact and non-contact methods. Some
techniques from each family would be:
-

Contact methods: Probing tip profilometry, Atomic Force Microscopy, etc.

-

Non-contact method: Confocal laser Scanning Microscopy, etc.

The both named non-contact methods were used for this study, but for different reasons which will be
later on explained.
4.3.4.1. Contact roughness analysis: Contact Profilometry
Mechanical profilometry is the most typical contact surface roughness measurement technique. The
stylus profiler is a contact profiler in which a sharp stylus is moved horizontally over the sample surface
to obtain a bi-dimensional profile. The vertical displacement of the stylus due to the surface roughness
is measured as a function of the position (Li). The Dektak 150 Stylus profiler is an advanced step height
measurement tool capable of measuring steps below 100Å (Figure 37).

Figure 37. Dektak 150 stylus profiler by Veeco.
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Contact profilometry was used in this Master’s thesis in order to analyse burnishing tracks left upon
the studied material by a milling machine, with the aim of studying mechanical/tribology responses for
different grinding SMMT experimental conditions.
The scan was done during 60 seconds with a length of 1500μm, with a resolution of 0.083 μm/sample.
Considering the slight curvature of the samples, a smoothing filter was applied to all measures. Three
different samples per condition were measured in order to obtain average values for both the track
depth and width.
4.3.4.2. Non-contact roughness analysis: Confocal Laser Scanning Microscopy
Fluorescence is the light emitted by a material which has previously absorbed any kind of
electromagnetic radiation. The Confocal Laser Scanning Microscope (CLSM) is a special kind of
fluorescent microscope. It allows the detection of fluorescent molecules in 3D with a good spatial
resolution. A CLSM is formed by a laser source, an optical system, as well as detection and scanning
devices. The main scheme and procedure of a CLSM may be briefly explained as follows (Figure 38,
left):
i.

The laser beam is focused by a first pinhole to a very specific optical path and coloured by a
primary exciter filter.

ii.

The dichroic mirror reflects the excited light towards an objective lens which focuses the light
to a specific sample spot.

iii.

The fluorescent light emitted by the sample in this specific spot is collected by the objective and
passes through the dichroic mirror.

iv.

The fluorescence furtherly passes through a secondary emitter filter, as well as a second
pinhole, which selects only the light coming from the sample target, blocking the out-of-focus
light.

v.

Then, the sample is scanned, either by moving the sample or the laser beam, to obtain a
volumetric (3D) image reconstruction with the help of a convenient software.

CLSM can be used as a non-contact surface roughness measurement technique. A small area of the
samples’ surface can be scanned to generate a high-resolution three-dimensional image (topographic
imaging). It is a non-destructive technique which needs of reflective surfaces in order to operate,
therefore being adequate for metals.
Replicas of 3D surface images were extracted from each sample using an Olympus LEXT OLS3100 CLSM
(Figure 38, right) at 50x objective lens (N.A.=0.95, WD=0.3mm) at ambient conditions (1 atm, 20 ºC, 20
- 45% relative humidity).
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The software associated to the microscope was used in order to correct the sample surface tilt and
furtherly a linear 2D- roughness profiles were extracted (15 repetitions for each sample condition) in
order to extract the more representative R parameters (described in section 4.3.4.).

Figure 38. (Left) General schematic of a CLSM. Adapted from [64]. (Right) Olympus LEXT OLS3100 CLSM.

4.4. Mechanical characterization
4.4.1.

Static Hardness testing

Hardness (H) can be understood as the material’s resistance to localized plastic deformation. It can also
have other definitions, such as resistance to: scratching, cutting, wear resistance, between others.
Static hardness testing is performed by penetrating the sample to be tested with an indenter tip, which
must be significantly harder than the tested material. Numerous hardness methods are at disposal,
each standardizing the geometry of the indenter, the applied (pressure) load and the penetration rate,
among others [45].
Hardness testing at different length scales permits to obtain from polycrystalline hardness response
(macro-), the hardness of single-crystals or phases (micro-), down to the nature of the defect nucleation
process (nano-).
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4.4.1.1. Micro-indentation hardness. Vickers hardness test
The Vickers hardness (HV) test is the most conventional methodology for hardness measuring of
metallic materials at the micrometric length scales. Vickers testing method uses a diamond squarebased pyramid indenter tip, with an angle of 136° between opposite faces (Figure 39).

Figure 39. (Left) Vickers diamond indenter tip. (Right) schematic of the residual imprint [55].

For an applied load (P), the imprint produced when penetrating the sample is observed under a
microscope, in order to calculate the contact area (L), by determining the size of both diagonals (l1 &
l2) and later calculate the Hardness Number (HV) by using the following equation:

𝐻𝑉 =

𝛼
2

2𝑃𝑠𝑖𝑛( )
𝐿2

=

1.854𝑃
𝐿2

; 𝐿=

𝑙1 −𝑙2
2

(Eq. 4.6.)

Nevertheless, HV is generally determined by referring to tables of HV for each possible load and
diagonal measurements, normally supplied by equipment manufacturers, and that can be found in
ASTM Specification E92 [45]. The precision of the Vickers measurement will depend on the precision
of the loading, the quality of the diamond indenter, and the accuracy of the diagonal measurement.
The DuraScan 10 micro-hardness tester from EMCOTEST, shown in Figure 40, was used. The following
indenter loads were applied: 0.5, 1 and 10Kgf, in order to study the Indentation Size Effect (ISE) on the
hardness results. The diagonals were measured by the test equipment for each applied load and the
HV number was also automatically calculated and shown in the machines screen.
Vickers hardness number is given in (kgf/mm²). We obtain the SI units by taking into account 1Newton
= 9.8kgf to get the hardness in MPa (N/mm²) and furthermore dividing by 1000 to get the hardness in
GPa.
Indentation depth has been calculated using the following relationship [45]:

ℎ=

𝐿
𝛼

2√2 tan
2
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Figure 40. DuraScan 10 micro-hardness tester from EMCOTEST.

4.4.1.2. Nano-indentation technique.
Nano-indentation testing permits high resolution recording of low penetration depths and very small
imprint sizes, below 1000 nm.
Instrumented indentation techniques (IIT’s) continuously record the load (P) and the penetration depth
(h), to obtain the so-named load-displacement curves (P-h curves) (left, Figure 41), where the most
representative parameters are:
-

Pmax: Maximum applied load.

-

hr: Residual depth.

-

he: Elastic displacement into the surface.

-

S: Contact Stiffness. Defined as the slope of the upper portion of the unloading curve (S =
dP/dh).
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Figure 41. (Left) Typical load-displacement curve (P-h curve). (Right) Berkovich sharp indenter tip [65].

Nano-indentation experiments have been performed using a diamond Berkovich indenter (right,
Figure 41) with a tip radius of approx. 170 nm. Sharp tips are known to produce an elasto-plastic
deformation behaviour. Using data from the unloading process and the Oliver & Pharr method [66],
Hardness (H) and Elastic modulus (E) may be determined without the need to visualize the residual
imprint. The main mechanical properties determined by using the Berkovich indenter can be extracted,
according to the following equations (Eqs. 4.8 – 4.11) [66]:

ℎ𝑐 = ℎ𝑚𝑎𝑥 − 𝜀

𝑃𝑚𝑎𝑥
𝑆

; (=0.75 for Berkovich tip)

𝑃

𝐻 = 𝐴(ℎ

(Eq. 4.9.)

𝑐)

1

𝐸𝑒𝑓𝑓 = 𝛽 𝑆
1
𝐸𝑒𝑓𝑓

=

(Eq. 4.8.)

1
√𝜋
2 √𝐴(ℎ𝑐 )

1−𝜗2
𝐸

+

; = 1.034

1−𝜗𝑖2
𝐸𝑖

; (diamond indenter tip: Ei= 1141 GPa; νi =0.07)

(Eq. 4.10.)

(Eq. 4.11.)

The contact area “A(hc)” is a function of the contact depth (hc), which varies compared to the maximum
penetration depth (hmax) supposed for an ideal contact . Therefore, the A(hc) is not so straight-forwardly
calculated as in the Vickers hardness test (see section 4.4.1.1.). With decreasing indenter-tip
dimensions, the onset of indentation size effects (pile-ups and sink-ins) (Figure 42) comes into play,
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affecting the measured levels of contact area and producing an over- and underestimation of the
hardness and elastic modulus, respectively.

Figure 42. Indentation size effects and how they affect the contact area. Adapted from Ref. [67].

Nano-indentation tests were performed under displacement control mode, the increasing applied load
being recorded at each moment, in order to quantify the effect of residual stresses on H & E results.
An MTS Nanoindenter XP (Figure 43) and a diamond Berkovich indenter tip were used. The tests were
conducted at 2000nm of maximum penetration depth (hmax) into the surface, or until reaching the
maximum loading cell, 650 mN. A homogeneous array of 16 imprints (4 x 4) were performed at a
constant strain rate 0.05 s-1. The distance between imprints was held constant and equal to 50 m, in
order to avoid any overlapping effect.

Figure 43. MTS Nanoindenter XP.
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4.4.2.

Tribological testing

Tribology characterization of a surface is a science which studies the interaction of surfaces in relative
motion, including the understanding of both friction and wear phenomena. The different percentages
of phase transformation and induced compressive residual stresses produced by ground polishing at
different conditions, will influence scratch and wear resistance, as well as the fatigue properties of the
metastable ASS [27] [41] [42].
4.4.2.1. Burnishing tests
The process of ball burnishing is typically performed with a ball (very smooth and hardened) which
slides over the surface of the processed material, and, at the same time, is pressed against it with a
normal force. In the contact zone, the normal force generates contact stress in the material surface
layer. If the stress is higher than the material’s yield strength, the material near the surface starts to
flow. During the burnishing process, the reduction of surface roughness amplitude, the increase of the
surface layer hardness and the introduction of compressive residual stress may be obtained [68].
A LAGUN milling machine was equipped with a spherical indenter (10mm of diameter), produced of a
hardened and miror-polished iron-chromium alloy (Figure 44).

Figure 44. (Left) LAGUN milling machine used for burnishing tests. (Right) Spherical indenter tip with diameter
100mm.

Three separate burnishing traces, with directions: 0º, 45º and 90º with respect to each other, were
performed with the spherical indenter upon the samples surface, applying a constant load of 500 ±
0.1N. The obtained grooves were later on studied:
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-

By means of FESEM, which was used to analyse track morphologies predominant features.

-

By contact profilometry, measurement of surface topography was conducted, in order to
quantify penetration depth and the width of the burnishing scratch-grooves.
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5. Results and discussion
5.1. Sample preparation
As previously explained in section 4.2, the first step in our study was to obtain mirror polished samples
with a fraction of DIM as close as possible to the original laminated AISI 301LN sheet. For this purpose,
electro-polishing was considered the most adequate finishing technique.
To optimize the process and select the most suitable electro-polishing time, first of all, one original
ground polished sample (Table 4) was fine polished with consecutive diamond suspensions and finally
mirror polished during 40 min. A Colloidal Silica (SiO2) suspension was used to reveal the contained
martensite after the mechanical polishing process (Figure 45a). Then, electro-polishing at different
processing times was performed checking the evolution of the martensite content. Optical Microscopy
(OM) pictures were taken in 5 different places of the samples (4 corners and centre) and furtherly
analysed with the help of “Image J” (image editing software) to obtain the average percentage of
martensite for each case (Figures 45 b-d):

Figure 45. Optical Microscope micrographs. Filtered to increase the contrast between martensite and austenite
with Image J software. Lath Martensite (dark phase) in austenite matrix. (45a) Fine polishing (colloidal silica
suspension); electro-polishing (11,6V): (45b) 5s, (45c) 15s and (45d) 20s.
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The results obtained prove that after 15s there was no further martensite decrease. Therefore, it was
considered the minimum electro-polishing time needed to recover the original microstructure.
Table 5 presents the ground polishing parametric study which was further performed upon the
reference/electro-polished samples.

5.2. Microstructural characterisation
5.2.1.

Surface characterization

Samples were observed using an Olympus LEXT light optical microscope with confocal laser scanning
mode, using the 50x objective magnification, for all the experimental conditions. Obtained
micrographs are presented, in an ordered manner, in Figure 46.

Figure 46. CLSM micrographs at 50x magnification. From left to right, increasing levels of applied load (N). From
top to bottom, polishing paper/cloth designation.

A closer look upon the ground polishing surface, focusing upon the samples in the red box of Figure
46, is done by using the FESEM at 1000x magnification (Figure 47).
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Figure 47. FESEM micrographs at 1000x magnification (1.1nm resolution). From left to right, increasing levels of
applied load (N). From top to bottom, polishing paper/cloth designation.

The reference sample micrograph (at the left-hand side of Figure 46) clearly presents a two phase
structure. The α’-martensite, the darker phase, is present in lath form, as usual in metastable ASS. It is
embedded in an austenitic matrix. Austenitic grains are not visible, as the specimen should be
chemically attacked in order to be able to observe in detail the austenitic microstructure and in
particular the grain boundaries. In this sense, etching is typically performed by using Beraha’s etchant,
or electro-etching in the same solution at lower voltages. Furthermore, small colour fluctuations inside
the austenite phase after cold deformation indicate local differences in chemical composition [69].
Pores in γ-phase may cause an increase of corrosion vulnerability. This type of corrosion is localized
and consists in the formation of small cavities with considerable depth [70]. Thus, the pits which are
present in the reference samples’ micrograph could be a mixture of:
-

Material porosity.

-

Pitting corrosion produced by the electrochemical etching conditions.

-

Chemical impurities and dust particles. Samples were cleaned with a pharmaceutical ethanol
(96%) grade and posteriorly dried. No specific, thorough cleaning process was performed upon
them.
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All ground polished samples present randomly oriented multidirectional scratch grooves. On the other
hand, fine polished samples (3μm) present less amount of scratches and the base material, as well as
the pitting defectology, is still visible. As expected, an increase in the grinding severity brings to higher
roughness, with deeper valleys and higher peaks, and will be discussed in the following section.
Some images tend to present a preferential scratch direction, despite the multi-directionality of the
applied grinding process. This is due to the effect of local magnification of a small part of the sample,
as well as the low resolution of the CLSM images. FESEM micrographs (such as 30 μm) clearly denote
the absence of preferential scratch directions, whereas the multi-directionality of SiC grooves is more
evident in CLSM micrographs.

5.2.2.

Roughness analysis

CLSM has also been used to perform a roughness analysis, extracting the more relevant R parameters,
summarized in Table 7, by performing several linear-2D roughness profile analysis. It is necessary to
take into account the measurement resolution of this technique is of 0.12μm, according to its
reference manual. This explains the high statistical dispersion of results. Accordingly, data in Table
7 will only be used to analyse R parameter tendencies.
Table 7. Main roughness parameters for each experimental condition. All values, accompanied by their
standard deviation (σs), represent a media of 15 measurements performed upon 3 different samples, for each
experimental condition.

polishing cloth

grinding media

applied load
(N)

Reference sample
3μm

diamond
suspension

30μm

diamond
suspension

SiC grinding
paper (P240)

water

5
20
35
5
20
35
5
20
35

Rc (μm)

Ra (μm)

RSm (μm)

0.07 ± 0.03
0.09 ± 0.03
0.08 ± 0.04
0.07 ± 0.02
0.37 ± 0.08
0.30 ± 0.06
0.38 ± 0.07
0.54 ± 0.11
0.45 ± 0.08
0.47 ± 0.04

0.04 ± 0.01
0.05 ± 0.02
0.04 ± 0.02
0.03 ± 0.01
0.16 ± 0.03
0.13 ± 0.01
0.17 ± 0.04
0.26 ± 0.05
0.21 ± 0.04
0.24 ± 0.03

13.5 ± 3.41
5.26 ± 2.28
5.06 ± 1.05
3.03 ± 0.35
4.24 ± 0.27
4.08 ± 0.55
4.34 ± 0.46
6.57 ± 1.15
6.39 ± 1.73
5.83 ± 0.88

Rc & Ra: These parameters both give transversal (Z-direction) roughness input data. Rc represents the
mean height of all contour elements (peaks and valleys) whereas Ra is an arithmetic mean value for all
contour elements, considering them all as positive values (section 4.3.4.). Rc values tend to double Ra
values, as should be expected. The tendency analysis suggests:
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-

That finish polishing conditions (3 μm) effect on the transversal roughness with respect to the
reference electro polished sample is negligible.

-

In the fine (30 μm) and rough (P 240) ground-polishing range, an increase in the abrasive
particle size produces an increase in transversal roughness.

-

Nevertheless, changes in applied load (maintaining the grinding conditions), are much more
subtle and affect the second decimal of the obtained results. Therefore, these changes cannot
be analysed with CLSM, as the techniques’ resolution is exceeded.

RSm: This R parameter has been chosen to characterise longitudinal roughness tendencies. It
represents the mean length for all contour elements.
-

The absence of scratches on the reference samples’ surface results in a high RSm value. This
must be read as an indicative of the obtained electro-polishing surface levelling quality. The
Buehler Polimat 2 (Figure 22) electro-polishing machine produces contact between the
electrolytic agent (anode) and the sample (cathode) by discontinuously pumping the acid
solution upon the samples’ surface, producing a tendency to wavy surface profiles (Figure 48).
The RSm result is suggested as the mean longitudinal contour length of these pumping valleys.

Figure 48. CLSM micrograph of the surface undulations produced by the discontinuous pumping system of the
electrolytic agent upon the samples surface during the electro-polishing process.

-

The samples treated with Silicon Carbide (SiC) present a tendency to decrease RSm as the
abrasive particles’ increase in size. The high abrasion that SiC particles produce, penetrate the
material producing smooth and homogeneous tracks (Figure 47), with little ploughing effect
(tracks with less presence of serrated and irregular edges). The longitudinal mean values
diminish as the transversal (abrasive depth) increase.

-

By comparing micrographs in Figures 46 & 47 (especially noticeable for FESEM micrographs
due to higher image resolution), one notes the irregularity of the scratch tracks produced by
diamond suspensions (at 30 μm) with respect to polishing with SiC papers.
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-

By polishing with SiC papers, not only does the penetration depth increase, but also the
longitudinal mean values.

-

Reduction in the abrasive size used for grinding denotes increasing detachment on the side
grooves, which may be provoked by higher material dragging rates (higher plastic
deformation), or in less proportion, failure mechanisms such as: material chipping, microcracking, etc.

5.2.3.

Phase quantification: X-Ray diffraction

The effects of surface abrasion are not only limited to topographical modifications and surface damage,
but are also able to introduce crystalline phase transformations. Figure 49 compares the X-Ray
diffraction spectra obtained for all experimental conditions. The reference peaks for γ and α’ are
marked to keep track of their evolution. The experimental conditions for each XRD spectra (the ground
polishing paper/cloth and the applied load) are indicated in the right hand side, next to each pattern.

Figure 49. XRD patterns. Reference sample and all experimental conditions comparison.
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Consistent background noise is observed for all the obtained patterns. Noise appears due to the fact
that Iron (Fe), up to some extent, fluoresces the Cu-radiation wavelength, originating:
-

A decrease in the reflected intensities (some X-rays are fluoresced instead of diffracted).

-

A reflecting back of the fluoresced radiation as background noise [56].

These effects combine to produce a weaker diffraction signal with a noisier background. Consequently,
some of the reference peaks present difficulties to be interpreted.
In addition, due to the applied surface modification treatment (ground and polishing), the surface
grains break down to form a nano-layered structure which can be considered as a coating on top of
the basal material, which remains untouched. Therefore, the penetration depth of the X-Rays may be
bigger than the nano-layered structure thickness.
As a solution for thin film situations and to the noise background problem, XRD can be performed by
an alternative method known as Grazing Incident X-ray Diffraction (GIXRD). The measurement is
performed by keeping the incident beam constant while the detector moves around the sample, as
opposed to a standard setup in which the entry angle is constantly changing.
GIXRD was not performed due to technical and time constraints, but could be considered in future
cases, for more accurate results.
With the aim of explaining the information which can be extracted from the diffraction peaks, γ(111)
(2θref=43.69º) and α’(110) (2θref=44.65º), for all experimental conditions, are presented in Figure 50.
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Figure 50. XRD patterns. Peak broadening effect. Peaks γ(111) and α’(110) for all experimental conditions.

i.

Peak position: Systematic peak position displacement error is due to misalignment of the
sample during XRD measurement. The vertical black lines represent the position of the
reference peak according to ICDD PDF database [56]. Closely situated peaks in the spectra,
such as the ones represented in Figure 50, are clearly shifting in the same direction and by
similar amounts, as expected. Surface texture is also known to provoke position scattering.

ii.

Peak intensity: The variations in diffraction peak intensity are a symptom of changes in
crystalline phase proportions. An increase in the roughness conditions of the ground
polishing process clearly produces a decrease of the diffraction intensity related to the γ
(111) peak, whereas the α’ (110) intensities tendency is to increase. The induced phase
transformation may be explained by the TRIP effect.

iii.

Peak broadening: It contains information regarding the sample microstructure. According
to the experimental conditions, it may indicate:
a. Surface grain size reduction due to the surface nano-layer induced by ground polishing.
b. Increase in residual stress (σc) levels.
c. Instrumental error. Diffraction spectra extracted from different instruments may
produce different peak widths.
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These predictions will be further on assured when compressive residual tensions study
(section 5.2.5) and the presence of the induced surface nanolayer by FIB (section 5.2.4)
confirm them.
Furthermore, the XRD patterns (Figure 49) are used to study the evolution of BCC-α’ and FCC-γ phases
on the materials’ surface. The RIR method (section 4.3.2.2) was performed to study the evolution of
the diffraction intensity for all the observed diffraction peaks, with respect to reference diffraction
pattern information. The results for the RIR method are presented in Table 8.
Table 8. Phase quantification results by applying the RIR method.

γ (%)
α'
(%)

ref

3μm
5N

3μm
20N

3μm
35N

30μm
5N

30μm
20N

30μm
35N

P240
5N

P240
20N

P240
35N

86,93

86,09

85,86

85,6

75,06

74,18

73,43

75,11

72,44

72,95

13,07

13,91

14,14

14,4

24,94

25,82

26,57

24,89

27,56

27,05

Further discussions after the XRD results analysis:
i.

Reference (electro polished) sample: The α’-martensite (%) obtained for the reference
sample is in the range of the information facilitated by the sheet provider Outokumpu
(α’ ≈ 8 - 10%), and with previous estimations, using optical microscopy and the Image J
software (section 5.1 and summarised in Figure 45.). Nevertheless the result is slightly
higher. This difference could be explained due to instrumental and/or human error
during XRD pattern generation and evaluation, or by differences in the electro polishing
step, performed to eliminate the generated plastic deformation and DIM from the
rough polishing steps. The reference samples analysed by XRD and OM were not the
same. Variations in thickness reduction due to the electro polishing step could bring to
small differences in the initial martensite content.

ii.

Effect of ground polishing roughness: A gradual decrease in the intensity of austenite
peaks is observed, due to deformation induced phase transformation of austenite into
martensite.
a. For finish polishing conditions (3 μm diamond suspension) the increase in α’(%) with
respect to reference sample is low (1-2%).
b. Fine grinding, with 30 μm diamond suspension, increases α’(%) volume fraction
between 11-14%.
c. Rough grinding, with average 50-60μm grain size (P240) SiC paper, produced similar
ratio of DIM increase with respect to fine grinding process. The similarity for fine and
rough grinding α’ (%) volume fractions could be explained as follows:
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By the less efficient grinding efficacy that SIC particles are known to produce
with respect to diamond particles in suspension.



Due to a limitation in the ground polishing techniques to produce phase
transformation increases above the obtained martensite content.

To contrast these hypothesis, future studies could focus on:


The use of different abrasives at the same ground polishing conditions.



The study of martensitic content when more extreme ground polishing
conditions are applied.

iii.

Effect of applied load: Considering constant polishing roughness, the results suggest a
linear increase in martensitic content as applied load increases. A linear trend confirms
that the effect of applied load gets higher as polishing roughness increases.
The trend is not followed by the P240 35N experimental condition. Harsh rough polishing
at high pressure loads could propagate cracks along the basal plane, finally reaching the
surface, inducing a chipping of the material. The induced nano-structured layer could be
therefore reduced, as well as the martensitic volume fraction. Furtherly presented microindentation (Vickers) hardness tests (Table 10) confirm a decrease in hardness which
would accompany this hypothesis.
Moreover, future works could also contrast this hypothesis by analysing the thickness of
the induced nano-structured-layer using FIB/FESEM, and checking if there is a reduction.

SMMT are also known to produce surface grain size nano-structuring: e.g. during wear testing [42] and
shot peening [27] of AISI 301 LN, and also for grinding of ceramics [71].

5.2.4.

The deformation induced subsurface nanolayer.

The existence of a mechanically induced subsurface nano-structured-layer was analysed by a dual
FIB/FESEM. A Ga+ ion source was used to mill the surface at a voltage of 5 kV.
Reference sample, with no grinding treatment (Figure 51) presents no evidence of subsurface nanostructuring.
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1µm
200nm

Figure 51. FESEM micrographs of a FIB cross-section showing the internal microstructure for the reference
sample.

In comparison, experimental sample number 8 (ground polished with P240 SiC paper at applied load
20N) was analysed. The following images present the FIB cross section of a ground specimen (Figure
52) at 2400x magnification and a further enlargement of the cross-section of the cut at 6760x
magnification (Figure 53), in order to clearly visualize the nanostructured-layer of grains induced during
the grinding process.

Figure 52. FESEM micrograph showing the FIB trench performed on experimental sample 8 (P240 20N).
Micrograph obtained at 2400x.
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In Figure 53, the obtained nano-structured-layer thickness has been separated by a white diffused line
from the base grain structure, for means of clarification. The subsurface nanostructured layers’
thickness ranges between: 2-2.5 µm, in fair agreement with similar literature results [42].
As clear in the image, the surface thickness and the grain size and orientation are not homogeneous,
varying randomly throughout the trench. Ultrafine-grain layer covers the entire analysed cross-section.

Figure 53. Enlargement of the cross –section of the FIB trench performed on experimental sample 8 (P240 20N).
Micrograph obtained at 6760x.

Future works could expand this analysis by studying:
1. The thickness of the nano-structured-layer depending on position. Cuts should be performed in
different places of the same sample, to check for non-homogeneities in the subsurface of the
nanostructured-layer.
2. The evolution of the nano-structured-layer thickness depending on the roughness conditions of
the applied grinding procedure, by performing cuts in all samples and experimental conditions.
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5.2.5.

Compressive Residual Stress.

Reduction of the subsurface grain size may be directly related to the proportion of compressive
residual stresses, after the γ/α’ phase transformation. FIB/FESEM images present proof of the
existence of the induced surface nano-structured-layer. Moreover, it is known that [72]:
-

For larger grain sizes, the volume changes (dilatational strain) associated with the phase
transformation produce high densities of surface compressive residual stresses between
adjacent grains. These can eventually lead to grain-boundary rupture (quench cracking) and
substantially increase the dislocation density in the martensite.

-

For finer grain-sizes, the residual stresses will be more easily accommodated due to large
volume fraction of defective grain boundaries. In addition, the DIM will present smaller lath
sizes as grain size diminishes, as high-angle grain boundaries are an effective barrier to
plate/lath growth. These effects will consequently provide for hardness increase and tougher
materials.

Table 9 presents the compressive residual stress results obtained for each experimental condition.
Table 9. Compressive residual stress results for all grinding conditions. Experimental procedure performed at
Linköping University, using the sin2y method by XRD analysis.

Polishing cloth

Grinding media

Applied load (N)

Reference sample
3μm

diamond suspension

30μm

diamond suspension

SiC grinding paper (P240)

water

5
20
35
5
20
35
5
20
35

Residual Stresses
(MPa)
-99 ± 5
-430 ± 2
- 581± 6
-645 ± 9
- 865 ± 55
-1211 ± 40
-1341 ± 42
-1417 ± 36
-1560 ± 45
-1610 ± 35

These results present a clear tendency for residual stress to increase as:
-

The ground polishing conditions become more severe (increase in abrasive particle size).

-

The applied polishing pressure load gets higher, for the same polishing step.

Therefore, when residual stress data increases, this suggests refinement of the surface grain size, as
well as major thickening of the surface nano-structured-layer induced by grinding surface modification.
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5.3. Mechanical characterisation
Ground polishing produces surface plastic deformation, generating a subsurface grain size reduction
and the formation of a nano-structured-layer. This is confirmed by the obtained FIB/FESEM electron
microscope images (see Figure 53). Therefore, the tested material can be defined as a base material
(substrate) with a thin film of nano-structured-grains on its surface; a film-substrate system.
For this experimental case, the thin film which is formed presents the same chemical composition as
the substrate, but with a reduction in the grain size due to work hardening and deformation induced
evolution in crystalline microstructure:
-

The grain size refinement to form a nano-crystalline surface layer brings to an increase in the
number of grain boundaries (GBs). These act as nuclei for the pile-up of dislocations.
Consequently, the density of dislocations present in the subsurface of the material after cold
deformation gets higher. More linear crystallographic defects bring to a hardness increase.
Hardness and yield strength increase linearly as grain size diminishes (following the Hall-Petch
relationship), but below a critical grain size (<10nm) there exists a material softening
phenomena (inverse Hall-Petch), which indicates a change in the dominant contributing
deformation mechanisms: from dislocation nucleation and motion to grain boundary sliding
and rotation.

-

Plastic deformation by using ground polishing as a SMMT provokes microstructural evolution
in the form of increasing martensitic content as the polishing abrasive size increases.
Martensite is the hardest microstructure a steel can present. Hardness of martensite is not
thought to be related to its microstructure, but rather attributed to the effectiveness of the
interstitial carbon atoms in hindering dislocation motion (as a solid-solution effect).

Therefore, the obtained thin film is expected to be harder than its substrate. The effect that the
induced nanostructured layer and the phase transformation will bring upon the overall mechanical
response of the material will be studied by means of static hardness testing and tribology testing
(burnishing).

5.3.1.

Static hardness testing

Substrate effects: One must assume the direct measurement of hardness of the modified surface layer
in terms of hardness is not possible by means of a micro-indentation test, because the substrate
participates in plastic deformation. It is well known that when the indentation depth (h) exceeds one
tenth (1/10) of the film thickness, the measured hardness includes the combined contribution of both
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the substrate and film [66], as the plastic deformation fields are normally contained in a volume
approximately 7-10 times the penetration depth.
As expressed in section 5.2.4., the average thickness of the UFG layer is between 2000-2500 nm.
Indentations below 200nm should be performed in order to assure the confinement of the plastic flow
inside the nanostructured-layer induced during the grinding process. One can observe a trend, but to
obtain the direct mechanical response of the film, it would be necessary to use mathematical modelling
to deconvolute the hardness of the nano-structured layer from the substrate response.
It is important to take into account that “nanoscale” has been defined by the ISO 14577 standard as
indentation at 0–200 nm penetration depth, whereas “microscale” ranges from 200 nm and an applied
load below 2N, and “macroscale” is considered for loads larger than 2N.
Surface roughness & texturing produced by ground polishing inhibited the possibility to perform
indentations at such low loads as to measure exclusively the film incidence on hardness results. That’s
why the “nano-indentation” hardness tests that have been performed for this study, at a maximum
penetration depth of 2000nm, can still be considered as low-range micro-indentation testing.
Consequently, for all studied cases, the obtained hardness results will be a mixture of the contributions
of the thin film and the substrate.
Load dependency. The Indentation Size Effect (ISE): Geometrically necessary dislocations (Figure 54)
are created under the indenter tip during a typical indentation test. As the indenter is forced into the
surface of a single crystal, Geometrically Necessary Dislocations (GNDs) are required to account for the
permanent shape change at the surface. Other dislocations, the statistically stored dislocations, would
also be created and they would contribute to the deformation resistance.

Figure 54. Schematic representation of GNDs generated by a rigid conical indentation [73].
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In macro-hardness tests, which present large indenter penetration depths, the density of GNDs under
the tip decreases, because the volume over which they are distributed is big. At extremely large
penetrations, the effect of these GNDs is not considered, and the measured hardness approaches the
intrinsic hardness of the material (hardness at infinite depth; H0) [74].
By applying the model proposed by Nix & Gao [73] (Eq. 5.1.),
𝐻
𝐻0

= √1 +

ℎ∗
ℎ

Eq. 5.1.

As the load applied on the indenter tip drops, hardness begins to increase with the indentation size. At
shallow penetration depths, the dislocations form over a relatively small volume, resulting in a high
density of dislocations. These dislocations inhibit further penetration, thus increasing the apparent
hardness of the material.
For micro-hardness testing, the contribution of the film-substrate on the hardness values will be
dependent on the load applied, which is directly related to the indenter penetration depth (h). An
increase in the applied load will increase the penetration depth, decreasing the hardness results. The
tendency is therefore for the substrate to majorly dominate hardness results as load (and penetration
depth) increases.
5.3.1.1. Vickers hardness test
Vickers hardness (HV) results are a result of the medium value for 5 different indentations, for each
applied indentation load. Space between indentations was maintained at least x2.5 the indentation
diameter, to avoid the overlapping effect. Penetration depth (h) is estimated (Eq 4.7.) by considering
the contact area (L) and the angle between the faces of a Vickers indenter (α = 136º).
As observed in Figure 54, the HV results for the different samples approach a plateau as the maximum
applied load increases, because they share the same substrate. In other words, the plastic deformation
field interacts with several austenitic grains and the hardness obtained is the average hardness value.
Conveniently plotting H2 with respect to 1/h for the obtained micro-indentation data, we are able to
estimate the value for H0 (the intercept value of the regression of the obtained data), considered as
the hardness that would arise from the statistically stored dislocations alone, in the absence of any
GNDs (Eq. 5.1.).
The obtained result, considering a media value for all test regressions, is: H0 = 0.54±0.18 GPa. As the
obtained hardness values are far higher than H0 (Figure 55 and data summarized in Table 10), it is
possible to confirm there will be presence of GNDs, and consequently ISE.

77

Report

Clearly, when the load applied gest reduced, and therefore penetration depth diminishes, the film
contribution increases. The tendency therefore is for the samples with a higher nano-structured-layer
thickness (which also presents the highest martensitic content) to present increasing hardness values
at lower applied loads.
With respect to the applied surface ground polishing procedures, an increase in abrasion, as well as an
increase in the applied indentation load, bring to a hardness increase, as expected. Nevertheless, some
results are not completely following the trend, which can be explained as follows:
i.

The surface roughness & texturing produced by ground polishing (surface effect) definitely
affects hardness results. Especially as the penetration depth gets reduced. This can be seen
by the increase in the standard deviation of results as the applied load value diminishes.

ii.

The maximum displacements into the surface can be slightly different in spite of the same
maximum applied load (Pmax), according to the local variation of mechanical properties.

iii.

The crystallographic orientation has a strong influence on the P-h curves.
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Figure 55. Vickers micro-indentation hardness results (in GPa) as a function of maximum the applied load (Pmax).
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5.3.1.2.

Nano-indentation results. Hardness and Elastic Modulus.

“Nano-indentation” tests were conducted at 2000nm of maximum penetration depth (hmax) into the
surface, or until reaching the maximum permitted applied load of 650 mN. A homogeneous array of
16 imprints (4 x 4) was performed at a constant strain rate 0.05 s-1. The distance between imprints was
held constant and equal to 50 m, in order to avoid any overlapping effect. Experiments have been
performed with a Nano-XP (MTS). This nano-indenter is provided with a CSM module (Continuous
Stiffness Measurement), which allows a dynamic determination of the Young modulus and hardness
during the indentation process.
Table 10 shows the results for both material Hardness (H) and Elastic modulus (E) for each specimen
investigated along this Master’s thesis, accompanied by the standard deviation between results for the
16 produced imprints, as results were estimated with help from the equations of the Oliver and Pharr
method [66]. This table also includes the previously analysed Vickers hardness micro-indentation data.
Table 10. Micro- and Nano-indentation hardness (H), as well as Elastic Modulus (E) results for each
experimental condition.
ID

Ref.

3μm 5N

3μm 20N

3μm 35N

30μm 5N

30μm 20N

*n= indentation
load (kg)

Pmax (N)

HVn *

H(Gpa)

st.dev

E (GPa)

std. Dev

hmax (nm)

-

0.42

-

4.24

0.33

341

22

2055

0.5

4.90

329.4

3.23

0.95

-

-

7580

1

9.80

326.6

3.20

0.04

-

-

10767

10

98.00

309.2

3.03

0.04

-

-

35000

-

0.40

-

4.13

0.37

274

11

2057

0.5

4.90

350.2

3.43

0.09

-

-

7353

1

9.80

335.2

3.28

0.04

-

-

10626

10

98.00

325.6

3.19

0.06

-

-

34089

-

0.41

-

4.13

0.34

293

15

2058

0.5

4.90

332.2

3.26

0.07

-

-

7544

1

9.80

325.8

3.19

0.10

-

-

10779

10

98.00

317.8

3.11

0.05

-

-

34520

-

0.37

-

4.32

0.23

274

14

2057

0.5

4.90

343.8

3.37

0.07

-

-

7421

1

9.80

332.4

3.26

0.13

-

-

10676

10

98.00

322.8

3.16

0.02

-

-

34247

-

0.43

-

4.58

0.49

277

25

2062

0.5

4.90

336.4

3.30

0.14

-

-

7186

1

9.80

347

3.40

0.11

-

-

10446

10

98.00

326.2

3.20

0.06

-

-

34026

-

0.42

-

4.94

0.41

303

28

1985

0.5

4.90

370.6

3.63

0.10

-

-

7147
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30μm 35N

P240 5N

P240 20N

P240 35N

1

9.80

354

3.47

0.08

-

-

10334

10

98.00

326.8

3.20

0.05

-

-

34030

-

0.46

-

5.01

0.40

310

32

2055

0.5

4.90

350

3.43

0.08

-

-

7356

1

9.80

336

3.29

0.11

-

-

10617

10

98.00

309.2

3.03

0.07

-

-

35023

-

0.44

-

5.21

1.02

327

70

2033

0.5

4.90

413.4

4.05

0.18

-

-

6784

1

9.80

360

3.53

0.04

-

-

10251

10

98.00

325.4

3.19

0.06

-

-

34109

-

0.45

-

7.04

2.71

259

94

2047

0.5

4.90

418.4

4.10

0.16

-

-

6730

1

9.80

389.2

3.81

0.14

-

-

9883

10

98.00

352.2

3.45

0.07

-

-

32784

-

0.39

-

7.08

3.21

202

71

2056

0.5

4.90

379.4

3.72

0.18

-

-

7064

1

9.80

361.6

3.54

0.08

-

-

10233

10

98.00

328.2

3.22

0.13

-

-

33969

Figure 56 is an extension of Figure 55, including the nano-indentation results, and considering the
displacement into the surface instead of the applied load. Results confirm the increasing influence on
hardness results of the previously explained phenomena:
i.

The thin film contribution with respect to the substrate. The subsurface nano-structured-layer
is more relevant for nano-indentation measurements. The high compressive residual stresses
as well as the increase in martensite content that it brings increase hardness values.

ii.

As the penetration depth decreases, there is an increase in the density of geometrically
necessary dislocations under the indentation tip which contributes to increase the Indentation
Size effect.

iii.

Surface effects are also more relevant upon hardness measurements, increasing the deviation
between results as penetration depth gets reduced.
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Figure 56. Micro- and Nano-indentation hardness results as a function of the maximum penetration depth.

Figure 57 presents a graphical evolution of the Elastic Modulus for each experimental condition.
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Figure 57. Extracting the Elastic Modulus (E; GPa) from Nano-indentation tests (fixing hmax = 2000nm), by using
the Oliver and Pharr method equations [66].
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No changes in chemical composition are suspected due to the grinding and polishing effect, which
mainly contributes to a plastic deformation and microstructural evolution. Therefore, the elastic
modulus (E) should be considered, as an average, to be maintained for all experimental conditions. The
calculated average value for E is: 286 ± 39 GPa, which is in the same order of magnitude (but slightly
higher) than reference values [59].
Nevertheless, the dispersion in the obtained results, especially as the ground polishing conditions
becomes harsher, may be explained by:
-

The fact that the indentation is not being performed in pure uniaxial mode. The roughness
profile contributes through lateral forces which will affect the measured contact area.

-

The possible presence of sink-ins (indentation size effect) would explain the overestimation of
the contact area and the elastic modulus values to be higher than expected.

-

The overestimation of the β factor used to calculate the effective modulus (Eeff) through Eqs.
4.10 & 4.11., has been considered to be 1.034. Literature reference [75] assumes errors due to
inaccuracies related to this factor.

Residual imprints were not evaluated in order to check for the deformation mechanisms and correct
the contact area, taking into account ISE (pile-ups and sink-ins). This further in-depth analysis should
be considered to improve result accuracy, for future works.

5.3.2.

Tribology testing: analysis of burnishing traces

Burnishing experimental conditions are briefly explained below:
i.

Three separate burnishing traces were performed, with directions: 0º, 45º and 90º with respect
to each other.

ii.

A spherical indenter, produced of an iron-chromium alloy, posteriorly mirror polished and
hardened, with 100mm diameter, was used.

iii.

A constant load of 500 ± 0.1 N was induced upon all samples.

The groove analysis performed consisted in:
-

Micrographs for each groove and experimental condition were performed by means of FESEM.
A summary of the most representative micrographs can be consulted in Annex A (Figures A1.1A1.6). Only grooves at the harshest roughness conditions were examined (as well as the
reference sample).
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-

Contact profilometry was performed, in order to quantify the penetration depth and width for
all burnishing scratch-grooves. Results can be checked in annex A (Table A1.1 and Figures A1.7
& A1.8.)

The grooves were examined through FESEM micrographs. The effects of each SMMT are subtle. The
following observations can be extracted by careful examination of FESEM micrographs:
-

A strong influence of the amount of pre-existing martensite and compressive residual stress
conditions on the deformation mechanisms. Visualizing the reference sample micrographs,
plastic deformation in the form of shear bands is noted, on the groove edges. These create
preferential nucleation sites for strain induced α’-martensite formation.

-

The plowing volume, or the abraded material removed from the internal zone of the track to
the outside, decreases as the initial roughness conditions become more severe. This can be seen
in the form of “Piling up” of material in the edges of the burnishing tracks.

-

Burnishing tracks tend to flatten the initial roughness of the surface. The flattening effect gets
reduced with increasing harshness of the grinding SMMT.

Profilometry results are less clarifying:
-

The tracks penetration and width are independent of the sense and direction of burnishing.
This can be attributed to the multidirectional character of the roughing process.

Apart from the previous conclusion, no specific trends can be extracted from the profilometry results,
nor can be related to the FESEM micrograph facts. Some hypothesis that may explain this situation
would be:
-

The applied load (500N) could be over-dimensioned in order to clearly characterise the effects
of the plastically induced nano-structured-layer (excessively macroscopic approach). Probably
testing at lower loads, the variation of results between each one of the experimental conditions
would be greater and the trends easier to follow, especially according to loads used for similar
tests in reference [42].

-

Considering the similar range of hardness between the indenter (a martensitic stainless steel)
and our deformation induced nano-structured-layer, averaged 4GPa for 2000nm penetration
depth, (Table 10), the indenter is probably deforming instead of the nano-structured-layer, for
some situations, while the burnishing is performed. This could furtherly be confirmed by a
surface inspection of the indenter in search for grooves and irregularities that could be caused
during burnishing. Consequently, this situation would definitely affect the measured
profilometry results.

83

Report

-

The milling machine used to perform the burnishing test is not designed for high precision load
control at low-load conditions during indentation. No thermal or vibrational conditions are
thoroughly controlled. This technique could therefore be considered inadequate for the scope
of our investigations.

Clearly, tribological analysis should be carried on in future works, in order to further quantify the
evolution/improvement in scratch and wear resistance of the applied surface grinding treatments.
Other ideas to focus on could be:
-

Quantification of the amount of induced-martensite as a consequence of the deformation
introduced by the ball in contact with surface during burnishing tests (by X-Ray diffraction, for
example). Especially for the reference sample conditions, the amount of marteniste generated
by burnishing should be highly incremented.

-

Micro- and nano-indentaton hardness tests on the burnishing tracks In order to quantify the
hardness evolution due to burnishing for each grinding condition.

-

Burnishing as a function of sliding distance.

-

Quantification of the friction coefficient through scratch testing.

5.4. Correlation between microstructural and mechanical results
As the severity of the grinding process performed upon the studied metastable ASS increased, three
major microstructural changes in our material have become more and more predominant, which are:
-

Progressive microstructural evolution and γ/α’ phase transformation.

-

Increase in compressive residual stress (σc), related to the formation of a subsurface nanostructured-layer.

-

Increase in the roughness parameters.

These microstructural changes have affected the mechanical response of our material. Hardness
evolution due to microstructural changes has been studied, and the obtained results and correlation
can be resumed in Figures 58, 59 & 60.
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Figure 58. Hardness (GPa) as a function of the martensite content (%).

Figure 59. Hardness (GPa) as a function of compressive residual stresses (σc; MPa).
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Figure 60. Hardness (GPa) as a function of roughness parameter (Ra; µm).

As can be seen, for all microstructural changes, hardness (considering hardness at 2000nm penetration
depth) increases following the same trend. Three groups of grinding conditions, which are separated
in the figures in red, blue and green regions, may be encompassed:
-

The red region is formed by the reference sample and the mirror polishing conditions (3 µm) at
different applied loads. These polishing conditions seem to produce a slight microstructural
evolution, but don’t improve the mechanical response of our material in terms of hardness.

-

The blue region includes all rough polishing conditions (30 µm) as well as the sample which was
grinded with SiC P240 paper at low load (5N). Hardness seems to increase for all cases,
although the harndess increase is low.

-

The green region includes the samples grinded with SiC P240 paper at higher loads (20N and
35N). These samples present a notorious increase in hardness, although the dispersion in the
obtained results becomes much higher.
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6. CONCLUSIONS
A metastable ASS (AISI 301 LN) has been superficially modified by means of a ground and polishing
process. The main goal of this Master’s thesis was to characterise the induced microstructural
evolution and to correlate it with a possible enhancement of the tribological and mechanical
properties. Consequently, the main conclusions drawn from this investigation are:
1.

In terms of microstructural evolution, three major microstructural changes have been
noted, which can be said to increase due to the severity of the grinding process: plastically
induced γ/α’ phase transformation, growth in compressive residual stress (σc), related to
the formation of a subsurface nano-structured-layer and increase in the roughness
parameters.

2.

A trend can be deduced between the aforementioned microstructural changes and
hardness. Micro- and nano-indentation measurements have been performed and both
confirm that an increase in grinding severity may be related to a hardness increase.
Nevertheless, this increase seems to be favoured by grinding conditions, whereas fine and
mirror polishing surface treatments, although producing microstructural changes in the
material, these don’t correlate with a substantial effect on the hardness with respect to
the reference sample. The effect of the applied load during the ground and polishing
processes is smooth and can be considered of little relevance, except when we apply
grinding with SiC (P 240 abrasive particle size), where hardness results have a greater
dependence on the applied load.

3.

Elastic modulus results, calculated by numerical models from nano-indentation results,
seem to be stable and independent from applied SMMTs. Therefore, chemical
composition does not evolve due to ground and polishing processes.

4.

Qualitative analysis of tribological results confirm an evolution of the deformation
mechanisms, from shear bands to grain boundary rotation related mechanisms, as
grinding severity increases. Analysis of burnish traces confirms that the plowing volume as
well as the flattening of the groove gets decreased with increase in compressive residual
stresses.
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7. ENVIRONMENTAL IMPACT
For this Masters’ thesis the main contributor to the environmental impact, in the form of carbon
equivalent is related to the electricity consumed by the equipment during sample preparation as well
as by the multiple advanced characterisation techniques which have been used. This electrical
consumption represents an impact by the release of CO2 into the atmosphere (due to energy
generation) which contributes to the greenhouse effect.
Regarding the chemical waste produced, this would include:
-

Average 60 samples (1.5cmx1.5cm) (including samples for testing) of an AISI 301 LN sheet.
They were removed as scrap, returning them to the mechanical workshop of the university,
for proper disposal.

-

Baquelite was used and later scrapped with general plastic (Average 2grams per sample).

-

Ground and polishing waste, such as grinding papers (SiC), diamond slurries and silica
suspension. No proper disposal was performed.

-

A big amount of water that was used majorly during the polishing and electro polishing steps.
This water was directly flushed and not treated, despite it being contaminated by small
particles of lubricants and metals.

-

Small amounts of ethanol was consumed for the cleaning process, as well as paper for general
purpose and gloves for safety, which were disposed into general waste bins.

-

Electro-polishing waste: nitric acid (2L) was consumed, which was disposed as a nonhalogenated chemical residue.
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Annex A
A1. Burnishing test micrographs. Groove analysis.
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Figure A1.1. Burnisihing trace analysis. Reference Sample. First Row: 0º trace; Second row: 45º trace; third row:
90º trace. From right to left, more magnification (50x, 200x, 1000x).
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Figure A1.2. Burnisihing trace analysis. Sample conditions number 4: 30µm 5N. First Row: 0º trace; Second row:
45º trace; third row: 90º trace. From right to left, more magnification (50x, 200x, 1000x).
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Figure A1.3. Burnisihing trace analysis. Sample conditions number 6: 30µm 35N. First Row: 0º trace; Second
row: 45º trace; third row: 90º trace. From right to left, more magnification (50x, 200x, 1000x).
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Figure A1.4. Burnisihing trace analysis. Sample conditions number 7: P240 5N. First Row: 0º trace; Second row:
45º trace; third row: 90º trace. From right to left, more magnification (50x, 200x, 1000x).
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Figure A1.5. Burnisihing trace analysis. Sample conditions number 8: P240 20N. First Row: 0º trace; Second row:
45º trace; third row: 90º trace. From right to left, more magnification (50x, 200x, 1000x).
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Figure A1.6. Burnisihing trace analysis. Sample conditions number 9: P240 35N. First Row: 0º trace; Second row:
45º trace; third row: 90º trace. From right to left, more magnification (50x, 200x, 1000x).
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Table A1.1. Contact profilometry parameters. Considering 3 experiments for each burnishing direction.

Sample

Burnish direction (º)
0

Reference

45
90
0

30µm 5N

45
90
0

30µm 35N

45
90
0

P240 5N

45
90
0

P240 20N

45
90
0

P240 35N

45
90

track penetration(nm) track width (µm)
media
Std. Dev.
media
Std. Dev.
media
Std. Dev.
media
Std. Dev.
media
Std. Dev.
media
Std. Dev.
media
Std. Dev.
media
Std. Dev.
media
Std. Dev.
media
Std. Dev.
media
Std. Dev.
media
Std. Dev.
media
Std. Dev.
media
Std. Dev.
media
Std. Dev.
media
Std. Dev.
media
Std. Dev.
media
Std. Dev.

-3199
468
-2333
670
-5969
1027
-5122
717
-4141
212
-5160
651
-8945
1027
-4045
2621
-5671
761
-3024
328
-4288
469
-9079
1245
-10306
1039
-3226
6
-3135
655
-4468
971
-1287
24
-3919
766

519.67
27.68
401.33
80.00
521.67
43.82
465.33
6.03
477.00
7.00
512.00
76.07
668.33
72.86
553.67
190.39
517.67
65.77
476.50
45.96
466.00
22.63
374.00
21.21
690.67
23.25
626.50
26.16
507.33
73.76
474.33
70.32
452.50
13.44
588.00
69.30
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Figures A1.7 & A1.8. Contact profilometry parameter dispersion. Considering medium of all diagonal values for
each sample. Data extracted from Table A1.1.
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