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Introduction

Surface properties have a significant effect on the reliability and lifetime of engineering
components operating under various conditions in different environments. The surface engineering
deals with methods for achieving the desired surface requirements and their behavior in service for
engineering components. While the surface of any component may be selected on the basis of
texture and color, engineering components generally demand a lot more than this. Thus the surface
optimization cannot be neglected in the mechanical design and an appropriate surface treatment can

often be used to obtain enhanced and optimized surface properties.

The austenitic stainless steels contain a minimum of 16 wt.% of chromium and a sufficient Nickel
and/or Manganese to keep the face-centred cubic (fcc) structure. The most used stainless steels
belong to the 300 series. These alloys have a good corrosion resistance and maintain their strength
at high temperatures. They are used predominantly in the automotive, aerospace and construction
industries. For the fabrication of the control rods of pressured water nuclear reactors, plasma

nitriding can be used to enhance the hardness and wear resistances of the AISI 316L stainless steel.

Nitriding stainless steels at temperatures of about 500 °C was widely used to enhance surface
properties. However, this leads to the deterioration of the corrosion resistance. Actually, at these
nitriding temperatures, the precipitation of chromium nitrides near the top surface occurs. Less
chromium is then available to form the protective passive film of chromium oxide (Cr,03). At
nitriding temperatures below 420 °C, it is possible to form a single-phase diffusion layer, which
presents higher hardness, good wear and fatigue resistances, an also maintain the stainless aspect of
the alloy. The phase that is formed under these conditions is commonly called expanded austenite,
S-phase, m-phase or yn. This phase is a saturated solid solution in nitrogen with a deformed FCC
lattice. Although the low temperatures nitriding of the stainless steels enhances the hardness and
wear resistance, it is not sufficient for some industrial application due to the low thickness of the

nitride layer and its low nitrogen content.

Recent works have shown that the activation of the materials surface by means of mechanical
treatments could enhance the diffusion of nitrogen. The mechanical surface treatments are used to
enhance the materials properties by combining the effects of the hardening, microstructure
modification and induced residual stresses. These treatments lead to severe significant plastic
deformation and are, for example, the shot peening, roller burnishing, pounding or the mechanical

attrition treatments.
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The Surface Mechanical Attrition Treatment (SMAT) is a fairly recently developed technique,
which could be of great interest industrially. In this technique, a large number of balls are placed in
a chamber and vibrated at high frequency by a generator. The material surface is then impacted
repeatedly by the flying balls, leading to the formation of a surface heavily plastically deformed and
the formation of nanostructured structure (grain size < 100 nm) and high density of defects. This
leads to an enhancement physico-chemical and mechanical properties, and also may enhance the

diffusion of nitrogen in the surface of stainless steels.

The aim of the present thesis is to study, on stainless steels, the effects of “duplex” treatments
involving a first step of surface activation by means of thermo-mechanical treatments followed by
an additional step of low temperature nitriding. The steels investigated here are (i) the AISI 316L
austenitic stainless steel, that was already the subject of a few studies in the literature on surface
improvement by nitriding and duplex treatments, and (ii) the AISI 660 austenitic stainless steel,

investigated for industrial requirement for the first time after this kind of treatments.

This manuscript is divided into four different chapters. The first one is an overview of the state of
the art concerning the enhancements observed after only the nitriding process, and also after the

SMAT as well as different mechanical-nitriding duplex treatments.

The second chapter recalls, in a first part, the properties and initial microstructure of the
investigated alloys. The second part contains the basis of the theory used after in the different
calculations, as well as a brief description of the characterization techniques (Electron

BackScattered Diffraction technique, chemical analysis, hardness ...etc.).

In the third chapter, the surface microstructures of the AISI 316L and AISI 660 alloys modified by
the SMAT process -under different conditions- are analyzed. In a first part, a new method of
quantification of the effectiveness of the SMAT process is developed based on the analysis of
Geometrically Necessary Dislocations, in order to investigate more quantitatively the individual
effect of the different SMAT parameters. The second part deals with the analysis and quantification

of the induced surface chemical contamination.

The fourth chapter deals with a comparative analysis of various duplex treatments where the
nitriding is done on different types of severely deformed surfaces. This chapter is divided into two
parts. The first part concentrates on the nitriding of the AISI 316L alloy deformed by the SMAT.
The evolution of the nitride layers and the surface hardness were investigated. In the second part,
cold rolling and High Current Pulsed Electron Beam (HCPEB) are used as the surface activator

techniques prior to nitriding. The characterization of the formed nitrided layers and the surface
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hardness allows comparing the effectiveness of the different surface activation to enhance the

nitrogen diffusion and improve the surface properties.

Finally, a general conclusion and some proposal for future prospective work are given.
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Chapter I

State of the art: the mechanical and thermo-mechanical
surface treatments of stainless steels and their influence on the

microstructure and the associated properties

In this first chapter, an overview of the effects of the studied surface treatments is given. The
induced microstructure modifications as well as the associated mechanical properties (essentially

the surface hardness) are given after surface treatment of different steels.

In a first section, the different types of mechanisms responsible of the microstructure strengthening
are detailed. This will help to understand the occurring modifications by the studied surface

treatments.

In the following three sections, the principal surface treatments principles and their effects on the
microstructure are given. The Surface Mechanical Attrition Treatment (SMAT), the High Current
Pulsed Electron Beam (HCPEB) and the plasma nitriding techniques are described in term of
technical principles and the effects on the microstructures and hardness evolutions. The given
information concerning each treatment will be important to understand the evolution of nitrogen

diffusion on different treated surfaces.

A last section will focuses then on the effect of these surface treatments on the nitrogen transport on
surface of steels, and more particularly stainless steels, as they are the studied materials in the
present work. Results concerning the evolution of the nitrogen diffusion on SMAT-ed surfaces are
given firstly. Then, the obtained results on materials treated by other severe plastic deformation
techniques (such as cold rolling, high pressure torsion) prior to nitriding are grouped. The probably
mechanisms responsible of increasing the nitrogen diffusion are then synthetized at the end of this

chapter.
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I. The strengthening mechanisms of materials

Before describing the different surface treatments used in the present work and their effects on
the microstructure, a general overview of the different strengthening (hardening) mechanisms in

metals will be given in this first section.

In a given environment, the strength and ductility of steel are determined by its composition and
microstructure. The latter can be changed through three measures: changing composition, heat
treatment and plastic working. Yield strength gauges the capability of a material against plastic
deformation. In crystalline materials, plastic deformation is carried out, in most cases, by

dislocation multiplication and motion.

One of the objectives of the surface treatment is the hardening of the surface in order to activate
mechanisms that prohibit the mobility of the dislocations. There are five main strengthening

mechanisms for metals. They are described in the following sub-sections.

[.1  The solid solution strengthening

The strengthening effect of solutes is well known and has been investigated by a number of
researchers over the years. Different interactions exist between solutes and the solvent lattice, but
only elastic type interactions are considered, which are essentially of two kinds: size effects and
modulus effects. The reader is referred to the different works proposed in the literature for more
details about these effects (as example (Fleischer, 1967)). Here, only the different solid solution

types are described.

The solid solution strengthening technique consists on adding atoms of one element (the
alloying element) to the crystalline lattice of another element (the base metal). The alloying element
diffuses into the matrix, forming a solid solution. There are two types of solid solution in the crystal

lattice:

o The substitutional solid solution (Fig. I. 1a and b): the solute atoms are large enough that
they can replace solvent atoms in their lattice positions. Two configurations exist: random
(Fig. I. 1a) and orderly (Fig. I. 1b) substitutional solid solution.

o The interstitial solid solution (Fig. I. 1c): The atoms crowd into the interstitial sites,

causing the bonds of the solvent atoms to compress and thus deform the material.
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(a) Random substitutional solid (b) Orderly substitutional solid (c) Interstitial solid solution

solution solution

Fig. I 1: Atoms location in the metallic solid solution (Thomas and Schmitt, 2002).

In the case of steels, the elements Mn, Si, Cr, Mo and Ni are for example substitutional solutes,

while the C and N are interstitial ones.

.2  Work hardening (or strain hardening) in the case of the fcc materials

Work hardening (also called strain-hardening or cold-working) is the process of making a metal
harder and stronger through plastic deformation. When a metal is plastically deformed, dislocations
move and additional dislocations are generated. The more dislocations within a material, the more
they will interact and become pinned or tangled. This will result in a decrease in the mobility of the
dislocations and a strengthening of the material. This type of strengthening is commonly called cold

working.

In the case of face centered cubic (fcc) materials, two hardening mechanisms can

undertake:

o Partial dislocations gliding: the perfect dislocations dissociate under the high stress
when the stacking fault energy is very low, the plastic deformation occurs then by the
spacing of the partial dislocations in the sliding plan, which leads to the formation of
large strips of stacking faults (Fig. L. 2).

o Mechanical twinning: the plastic deformation involves shear of a part of the crystal
between two planes. These planes will form the interface with noun-deformed part, as

shown in Fig. L. 3.
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~ )

Fig. I 2: Stacking faults formed by the propagation of partial dislocations in an austenitic stainless steel
(with low SFE) (Thomas and Schmitt, 2002).

% X\

»

)

Mechanical twin

Fig. I 3: Schematic formation steps of a mechanical twin in a fcc material by the sliding of the partial
dislocations (Thomas and Schmitt, 2002).

[.3  The grain boundary strengthening (or the Hall-Petch strengthening)

The grain boundaries have a profound effect on the mechanical properties of materials leading
to the well-known Hall-Petch relationship, which describes the yield stress in terms of the grain

size:

1
o, = 0y+ k.d 2 Eq. I 1

Where o, is the yield stress, o, is a material constant characterizing the starting stress for
dislocation movement (or the resistance of the lattice to dislocation motion), 'k' is the strengthening

coefficient (a constant unique to each material), and d is the average grain diameter.

It is based on the principle that grain boundaries block dislocation movement and that the
density of dislocations have an effect on how easily dislocations can traverse grain boundaries and
travel from grain to grain. So, by changing grain size, the dislocation movement and yield strength

are influenced.

10
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In addition, as far as twin boundaries are considered as interfaces, their presence suggests a

contribution in the enhanced strengthening.

[.4  Precipitation hardening

This method of strengthening consists on hardening the material by precipitating finely
dispersed precipitates of the solute in a supersaturated matrix. These fine precipitates impede the
movement of dislocations, or defects in a crystal's lattice. This process involves the following three

basic steps:

1. Solution treatment: the alloy is heated to a relatively high temperature that allows any
precipitates or alloying elements to go into a solid solution.

2. Quenching: in which the solution treated alloy is cooled to create a supersaturated solid
solution. The cooling can be achieved using air, water or oil. Regardless the cooling method, the
cooling rate must be sufficiently rapid to create a supersaturated solution.

3. Precipitation or age hardening: the quenched alloy is heated to an intermediate temperature
and held for a period of time. At these intermediate temperatures, the supersaturated solid solution
decomposes and the alloying elements form small precipitates clusters inside grains. These
precipitates block the movement of dislocations and consequently the alloy becomes harder and

resists to deformation.

I.5 The phase transformation and hardening

During the plastic deformation, two different types of martensite can be formed: a hexagonal
close packed (hcp) martensite, called e-martensite, then a bcc martensite, called a'-martensite. The
o' martensite is present in the fcc lattice in form of small aggregates in the intersection of the e-
martensite bands. The number as well as the size of these aggregates increases as function of the

total deformation imparted to the material.

The hardening of material due to the phase transformation appears clearly in the tensile strength
test for example. The necking is delayed and the elongation at rupture is increased. This
phenomenon of plasticity induced by phase transformation is currently designed as TRIP

(TRansformation Induced Plasticity).

The description of these different hardening mechanisms will be important in the understanding
of the effects of the plastic deformation techniques studied in the present work. These techniques

are described in the next sections.
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II. Surface modification of steels by Surface Mechanical Attrition treatment

(SMAT): the microstructure and mechanical properties evolutions

II. 1 The SMAT treatment principle

The Surface Mechanical Attrition Treatment (SMAT) (Liu et al., 2000; Lu and Lu, 2004) is a
fairly recent technique for mechanical surface treatment. In this technique, a large number of balls
are placed in a chamber and vibrated at high frequency by a generator, as shown in Fig. I. 4(Lu and
Lu, 2004). The sample to be treated, fixed at the upper side of the chamber, is impacted repeatedly
by the flying balls so that its surface becomes heavily plastically deformed.
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Fig. I 4: (a) Schematic illustration of the SMAT principle, (b) typical multidirectional plastic deformation in
the sample surface layer induced by the impact of the balls (Lu and Lu, 2004).

Ball size varies between 1 to 10 mm in diameter and can be in different materials nature. In
addition, the vibration frequency of the generator is in the range from 50 Hz to 20 kHz, and
vibration amplitude in the range of 20 um to 150 pm. All the SMAT modifiable parameters are
summarized in Table I. 1. The parameters used in the present study are given in the beginning of

Chapter III and IV.

When the balls are resonated in the SMAT chamber, the ‘flying’ balls impact the sample
surface. The velocity of the balls was estimated to be in the range of 1-20 m/s. It is important to
note that the impacts of the balls with the sample surface are random because of the random

directions of the balls inside the chamber and also because of the balls collisions.

Diameter I mm to 10 mm
Balls Nature Steel or ceramic
Weight Few grams to tens of grams
Amplitude 20 to 150 pm
Generator Frequency 50 Hz to 20 kHz
Distance sample - Sonotrode 10 to 100 mm
Duration Few seconds to hours
Table I. 1: The adjustable SMAT parameter used for the SMAT.
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As consequence, the balls impact the surface at high strain rates and induce severe plastic
deformation. A graded microstructure is then obtained as shown in Fig. I. 5. At the extreme surface
where the strain and strain rate are maximum, a nanostructured layer is formed. Below this layer,

refined microstructure and deformed coarse-grained layers are observed, respectively.

10~50p.m i Nanostructured layer

\ 4

v depth

Fig. I 5: lllustration of the microstructure characteristics and distributions of strain and strain rate from the
top surface along depth after SMAT.

Beside its conventional use to harden the surface and improve its wear and fatigue properties
(Roland et al., 2006; Wang et al., 2006b), SMAT has also been used, for example, to activate the
surface before nitriding (Lin et al., 2006; Panicaud et al., 2012; Tong et al., 2003, 2007)or to create
multilayered laminate composites by subsequent roll bonding (Waltz et al., 2009). For all these
potential applications, the metallurgical and microstructural states of the deformed surface have to
be tailored in different ways and in a reproducible manner to form nanostructures and/or deep
hardened zones. As for severe plastic deformation processes, the grain refinement and
nanocrystalline formation mechanisms involves dislocations activities, mechanical twinning and

interaction of dislocations with mechanical twins.

Therefore, as the SMAT will be used in the current work to activate the surface of austenitic
stainless steel prior to the Plasma Nitriding treatment, it is important to overview firstly how the

SMAT modify the microstructure (refinement mechanisms) and properties of stainless steels.

II.2  The microstructure refinement mechanisms occurring during the SMAT

During the SMAT, the plastic deformation occurred introduce a high density of defects in the
material surface and subsurface. Hughes et al.(Hughes, 2001; Hughes and Hansen, 1995, 1997)

showed that at large strain, this leads to structures composed of dislocation boundaries with high
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misorientations forming a typical cell block-structure. It was also observed that when the strain is
increased, this block-structure is reoriented to a lamellar structure (see Fig. 1. 6 for illustration). The
cell block structure contains microbands (MBs) and single dense dislocation walls (DDWs), which
around blocks of equiaxed cells. On the other side, in a typical lamellar structure at large strain, the
lamellar boundaries (LBs) sandwich thin layers of cells and subgrains oriented along the material

flow direction.

(a) (b)
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Lamellar Boundaries (LBs)

Fig. I. 6: Schematic drawing of deformation microstructures and grain subdivision. (a) Small to medium
strain (Von-Mises strain,eyy= 0.06 - 0.80 with long microbands and dense dislocation walls (DDW)
surrounding groups of cells in cell blocks, (b) large strain, eyy/> 1 with lamellar boundaries (LBs) parallel
to the deformation direction, sandwiching in narrow slabs of cells or equiaxed subgrains.

The nanostructuration mechanisms of materials depend on their Stacking Fault Energy (SFE).

For materials of low SFEs such as stainless steels and Inconel 600 (Tao et al., 2003), the

deformation mechanisms are governed by the mechanical twinning. The refinement mechanisms

were schematized in 4 essential steps (as shown in Fig. 1. 7):

e Step 1: Formation of a high density of twin boundaries which subdivide the original coarse
grains, which are subdivided into Lamellar Twin-Matrix Alternated Blocks (LTMABsS)
(step 1 in Fig. 1. 7),

e Steps 2 and 3: Two possibilities exist for step 2:

2A It was found for Inconel 600 (SFE of 28 mJ/m?) that the driving force for growth of
microtwins is not high enough to overcome the barriers of the encountered twin
boundaries. Dislocation activities become then functional inside the LTMABs when
the strain increases. For minimizing the strain energy, these dislocations arrange
themselves into dislocations walls (Step 2A), leading to the subdivision of the
LTMAB:S into equiaxed nanometer-sized blocks (Step 3).

2B : For materials of lower SFEs (the case the AISI 304) with even smaller SFEs (16.8

mJ/m?), the driving force for growth of mechanical twins is sufficiently high to
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overcome the twin boundaries (Step 2B in Fig. I. 7), and thereby the twin-twin
interaction occurs forming equiaxed nanometer-sized blocks with misorientation

(Step 3).
*  Step 4: When the grain size is reduced down to the nanometer range, the grain rotation and
grain boundary sliding will be much easier in comparison with coarse grains ones(Van
Swygenhoven et al.,, 2000). This leads to the formation of randomly orientated

nanocrystalline (Step 4).

On the other hand, for materials of high SFEs as iron and aluminum, the refinement

mechanism of the structure depends essentially on the dislocation gliding. The nanocrystallization

process is carried out here also in four essential steps:

1. Multiplication of the dislocation grids (Fig. L. 8a).

2. Formation of cells or dense dislocations walls subdividing the grains in different parts (Fig.
I. 8b).

3. Transformation of the cells and dense dislocations walls into sub-boundaries inside the
grain.

4. Evolution of these sub-boundaries to "conventional" grain boundaries with higher

misorientation.
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Fig. I 7: A schematic illustration of grain refinement during SMAT for the two samples with low stacking
fault energies(Tao et al., 2003).

(a) (b)

Fig. I. 8: New grain boundaries arrangement in the nanostructured layers. (a) Apparition of dislocations
during the plastic deformation and (b) grouping of these dislocations to form a dense dislocation wall
(Bagheri and Guagliano, 2009).

In the present work, and as it will be presented later, two materials with different SFEs will be

treated by SMAT. These results issued from the literature (presented above) show how the SFE of
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the materials can modify the material behavior in term of accommodation of the plastic

deformation, and it will be useful in the understanding of the obtained results in the present work.

II. 3 Typical effects of the SMAT on the microstructure of austenitic stainless steels

As described before, the plastic deformation mechanisms are essentially function of the SFEs of
the treated material. Therefore, in this section, the literature review of the SMAT effects on
microstructure and associated properties will be focused on materials in the same SFEs range (AISI
316L and AISI 304). Nevertheless, the AISI 660 was not previously treated by severe plastic

deformation techniques.

Surface nanocrystallization was carried out on the AISI 316L surface by means of Ultrasonic
Shot Peening (USP) -other designation used for the SMAT- using a vibration frequency of 20 kHz,
balls of 3 mm diameter and during from 30 to 810 s(Liu et al., 2000). As shown in Fig. I. 9a, a
graded microstructure is observed. Microbands of about 100 nm widths can be observed at extreme
top layer (Fig. I. 9b). In the region of about 5 to 30 um depth, multiple-slip is observed, as it is
identified in Fig. I. 9c.

Fig. I 9: (a) SEM cross-section observation of the 316L sample after 810sUltrasonic Shot Peening (UPS)
treatment. (b) A close observation of the microbands in the top surface layer; (c) and the multiple-slip in the
subsurface layer (Liu et al., 2000).

In another study(Lu et al., 2006), where the AISI 316L was treated for 60 min by SMAT with

balls of 8 mm diameter and a frequency of 50Hz, the deformed layer of more than 100 um was
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revealed by optical microscopy, as observed in Fig. I. 10. Complementary Transmission Electron
Microscopy (TEM) observations carried out at a distance of 50 um below the treated surface

showed the presence of parallel (Fig. I. 11a) and intercrossed twins (Fig. I. 11b).

Fig. I. 10: Cross section Optical micrograph of a sample treated for 60 min, showing the deformed layer and
the initial material (matrix)(Lu et al., 2006).

Fig. I 11: TEM micrograph and diffraction patterns done at about 50 um from the top treated surface. (a)
Parallel twins, (b) multi-directional twins(Lu et al., 2006).

Similar deformation mechanisms were observed at different depths from the top treated surface
by Roland et al (Roland et al., 2007). The SMAT was done with 3 mm balls (in hardened steel) and
an amplitude of vibration of 25 pm for durations ranged from 5 to 30 minutes. At a depth of 50 pm
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from the top surface, typical intersection of twins is observed (Fig. I. 12a). In this figure, it can be
seen that after the multidirectional repetitive loading during the SMAT, different twin systems are
activated. This phenomenon was supposed to be in the origin of generation of nano-grains. At 200
um below the surface, unidirectional parallel mechanical twins are observed (as shown in Fig. L.

12b) leading to the formation of a twin-matrix alternative lamellar structure.

y 50 nm

=

Fig. I 12: TEM image of the microstructure at the depth of (a) 50 um and (b) 200 um in the sample
subjected to SMAT, illustrating twin—twin intersections(Roland et al., 2007).

II.4 Effect of the different SMAT processing parameters on the microstructure and

mechanical properties of stainless steels

The introduction of such defects density within the material by SMAT leads to a significant
enhancement of the mechanical properties. In this section, the effect of the SMAT parameters

(SMAT duration, balls diameter, amplitude of vibration ...etc.) on the mechanical properties will be
described.

1I. 4. 1  Effects of the SMAT duration

It has been shown in previous work that the surface hardness of stainless steels is time-
dependent. Among these works, after SMAT of an AISI 304 with durations in the range of 20 to
300 min, Sun et al. observed an increase of the hardness in the deformed layer, as shown in Fig. I.
13(Sun, 2013). The top surface hardness reaches about 350 HV with the lowest duration (20 min)-
and about 500 HV with the maximum SMAT duration (300 min). It was also seen that the surface
hardness near the top surface (within ~ 100 pm) saturated from a SMAT duration of 180 min.
However, deeper hardened depths were obtained by increasing the duration. This hardness

enhancement was attributed to the combination results of strain hardening, structural
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nanocrystallization and also martensite formation, which is a well-known phenomenon in severely

deformed austenitic stainless steels with low Ni content(Zhang et al., 2003).
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Fig. 1. 13: The microhardness profiles measured across the SMAT layers of AISI 304 treated for various
times (balls of 6 mm diameter were used to treat the surface)(Sun, 2013).

The same tendency was depicted after SMAT of an AISI 316L (Arifvianto et al., 2011), where

the hardness was increased by approximately two times at a distance of 0.1 mm from the treated

surface, as shown below in Fig. I. 14. In addition, similar saturation effect -observed in the case of

the AISI 304 by Sun et al.(Sun, 2013)- was depicted, where further surface hardness increase does

not occur after 10 min of treatment.
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Fig. I 14: Microhardness evolution as function of the distance from the treated surface by SMAT of an AISI
316L with balls of 4,76 mm diameter (Arifvianto et al., 2011).

In addition to the hardness evolution, the wear resistance is significantly improved. It was found

in the work of Sun et al.(Sun, 2013)that the SMAT can produce a wear resistant layer of hundred of
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microns thick on the surface of AISI 304.As shown in Fig. I. 15a, under lubrication condition, the
SMAT-ed sample exhibits much better wear resistance than the untreated one, particularly at high
loads, where the wear volume was reduced by about 3 times. In addition, analysis of the surface
profiles in the wear tracks-given in Fig. 15billustrates the pileup height formed in the untreated and
SMAT-ed samples. In both cases, material pileup at the two edges of the track are revealed but was
larger and deeper in the case of the untreated material. It was concluded that the formed SMAT
layer, due to its higher hardness, provides more resistance to plastic deformation and thus better

wear resistance of the AISI 304 under lubricated sliding(Sun, 2013).
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Fig. 1. 15: (a)

WearvolumeasafunctionofappliednormalloadunderoillubricatedconditionfortheuntreatedandSMAT-ed
specimens against a steel ball slider. (b) Typical surface profiles across the wear tracks on the untreated and
SMAT-ed specimens resulted from oil-lubricated wear testing under 20N load.

The effect of SMAT duration can also be revealed in the evolution of the tensile and bending
properties of a SMAT-ed AISI 316L(Roland et al., 2007). Tensile tests were carried out on an
untreated sample and three samples SMAT-ed for different durations. The results are given in Fig. .
16. Compared with the untreated sample, the SMAT-ed samples are characterized by a significant
increase of the yield stress and the mechanical strength. This was explained by the high
performance of the formed nanocrystalline layer, which sustains an important part of the loading
during the deformation, and thereby contributes to the overall enhancement of these mechanical

properties.
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Fig. I 16: Tensile stress—strain curves obtained for different SMAT times(Roland et al., 2007).

900
30 minutes

800 1 15 minutes

700 1

600

5 minutes

A

500 - As received
400 A
300
200 1
100 1
0 5 10 15 20 25 30 35 40 45

Strain (%)

1I. 4. 2 Effects of the amplitude of vibration

Another important parameter in the SMAT process is the amplitude of vibration. It impacts

directly the balls speed and thereby the energy imparted to the surface. Roland et al. (Roland et al.,

2007)analyzed the evolution of a AISI 316L microhardness from the top surface towards the

material core treated under two amplitudes of vibrations :

25 and 50 um (Fig. I. 17). This result

indicates firstly that there is no notable difference in hardness between the two conditions at the

extreme treated surface, caused probably by a saturation effect (grain size stabilization). However,

when the treatment is more severe (50 um of amplitude), the hardened layer is thicker. This is

explained by a higher strain rate supported by the material in the last case.

Microhardness (GPa)

*ij—

~ SMATed with a vibration

=Y

SMATed with a vibration

__amplitude of 50pum

amplitude of 25um

100

Depth (um)

1000

Fig. 1. 17: Variations of the microhardness with the distance from the treated surface determined for the
AISI 316L (Roland et al., 2007).
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1I. 4. 3 Influence of the balls number and diameter

The number of the balls present in the chamber and their diameter are also two important
factors impacting the materials properties. Fig. I. 18gives (a) the effect of the number of balls and
(b) the effect of the balls diameter on the microhardness distribution for a treated AISI 316L
(Arifvianto et al., 2011). With a higher number of balls in the chamber (Fig. I. 18a), the
microhardness with 375 balls is slightly higher than that using 250 balls at a distance of 0.1 mm
from the surface. This indicates that increasing the number of balls accelerates the formation of
nanocrystallites, martensite and residual stress on the surface, responsible of the hardness

enhancement.

Furthermore, the use of larger balls in the SMAT leads to a significant hardness increase, as
shown in Fig. I. 18b, and more especially with balls of 6.35 mm diameter, where the hardness was

increased in both the extreme top surface and also the subsurface within about more than 1.5 mm.
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Fig. I 18: Effect of (a) the balls number and (b) the balls diameter on the near microhardness evolution of a
SMAT-ed AISI 316L (Arifvianto et al., 2011).

From the results issued from these different works, it is clear that the different SMAT
processing parameters have an important effect on the treated material microstructure evolution as
well as the associated mechanical properties. However, the effect of each parameter on the
modification of the microstructure is still missing. In the present work, in Chapter III, a new
technique based on the microstructure analysis by Electron BackScatterd Diffraction (EBSD) is
given and details how the graded microstructure formed after SMAT will evolve as function of
some processing parameters, such as the SMAT duration, the balls diameter and nature as well as

the amplitude of vibration.
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III. The surface modification by High Current Pulsed Electron Beam
(HCPEB) technique

Among the surface treatments techniques, the High Current Pulsed Electron Beam (HCPEB)
technique is a very recent one (Proskurovsky et al., 1997, 1998, 2000; Rotshtein et al., 2006). It was
developed in Russian Institute of High Current Electronics in Tomsk. In the 1990s, the research
group led by Proskurovsky et al. has achieved considerable success in the creation of a high current
pulsed electron beam source that contains an electron gun with an emission cathode and a plasma
anode placed in a guide magnetic field (Proskurovsky et al., 1998). The HCPEB source has the
following operating parameters: electron energy 0.5-40 keV; and pulse duration 0.5-5 ps; energy
density 0.5-40 J/cm®; beam cross section area 10-50 cm’; and pulse repetition rate 0.2 Hz.
Proskurovsky et al. have investigated the implications of HCPEB for treating industrial alloys and
suggested its potential applications as an efficient method for thermal protection, rapid annealing,
surface cleaning and surface alloying. For the moment, the HCPEB is only available in Russia

(Proskurovsky et al., 1998) and China (Hao et al., 2001).
III. 1 Principle of the HCPEB technique

The high-density electron pulses of short durations induce dynamic temperature fields in the
surface layers giving rise to superfast heating and/or melting. This is followed by a rapid
solidification and cooling of the material surface. In addition, a dynamic stress field is formed that
causes intense deformation in the material sub-layer or even deeper in the substrate. The principle
of the generation of the HCPEB in plasma filled system is illustrated in Fig. I. 19(Proskurovsky et
al., 1997).

I

Fig. I 19: Schema of the principle of the production of low-energy intense electron beams in a plasma-field
diode. 1: explosive-emission cathode, 2: anode unit with spark plasma sources, 3: Collector, 4: Vacuum
chamber, 5: Solenoid, 6: cathode plasma, 7:anode plasma (Proskurovsky et al., 1997).

24



Chapter I: State of the art: effects of mechanical and thermo-mechanical treatments on stainless steels microstructure
and properties

The explosive emission cathode is made of graphite. The anode is made of stainless steel and
has a hole in its center through which the beam passes. Graphite-cathode spark plasma sources are
placed evenly in a circle behind the anode. The electron beam is transported through the anode

plasma to the collector. To prevent the beam from pinching, an external magnetic field is used.

The electron source operates as follows: as the magnetic field reaches its maximum, the spark
sources are switched on and the anode plasma fills the acceleration gap and the beam drift space.
After 2-3 us, an accelerating voltage produced by a voltage pulse generator is applied to the
cathode. The anode plasma, owing to its good conductivity, acquires the potential of the anode and
the effective gap spacing in the diode shortens abruptly. This results in the initiation of explosive
electron emission at the cathode. The voltage applied tithe diode is localized across the double layer

between the cathode and anode plasmas where the electron beam is generated.

The HCPEB irradiation leads to a gradient structure usually contained three different defined
zones (melted zone, Heat-Affected Zone (HAZ) and stress propagation zone), as is shown in Fig.
Three successive regions can be formed at the surface after the LEHCPEB irradiation: (i) a melted
and rapidly solidified zone (107 to 10* K/s) on the top treated surface (~ 1 pm)(Rotshtein et al.,
2004a; Zou et al., 2006), (i1) a heat affected zone where solid state phase transformations and
recrystallization can occur (~10 pm) (Zou et al., 2007)and (iii) a stress-wave affected layer by the
dynamic stress field induced (~100 um), where the material hardness can be modified due to the

stress wave propagation (Qin et al., 2009).
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Melted zone
Fig. I 20: Schematic diagram of three zones generated by HCPEB treatment.

Many studies with intention of understanding the modification effects not only on the treated
surface and near-surface but also at greater depths of hundreds of micrometers have been carried
out and a lot of meaningful results have been reported in literature (Proskurovsky et al., 1997, 2000;

Zou et al., 2008).
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III. 2 Surface modification effects

Modification effects through the HCPEB treatment on surface and near-surface of steels and
intermetallic alloys including metastable phase and nanostructure formation (Guan et al., 2005;
Proskurovsky et al., 1997; Zou et al., 2006a), surface homogenizing and crater formation (Gao et
al., 2007; Grosdidier et al., 2007; Proskurovsky et al., 1998, 2000; Rotshtein et al., 2004b; Zou et
al., 2006) as well as the texture modification (Grosdidier et al., 2008; Zhang et al., 2007)have

already received extensive attention.

The HCPEB acting on sample surface can generate melting and the presence of craters on the
top surface, as shown in Fig. I. 21. It is well established that the formation of craters is correlated
with local uneven distribution of chemical elements or second phases (Proskurovsky et al., 2000;
Zou et al., 2006). Studies on various steels also reveal that with increasing number of HCPEB
pulses, the crater density decreases sharply. This sharp decrease of crater density is believed to be
due to the eruption of local micro-irregularities. In fact, statistics on the number density of second
phase particles or inclusions as a function of HPCEB pulses in previous studies show the same
trend with the crater density(Zou et al., 2006).The eruption of local micro-irregularities makes it

possible to clean the surfaces and improve the corrosion resistance of the treated materials.

The rapid solidification with a solid front velocity of about 2-10 m s (Proskurovsky et al.,
1998; Zou et al., 2004) and fast cooling (estimated to be about 10’-10° K s™) processes make it
possible to maintain the non-equilibrium microstructures to the room temperature and refine the
grains to sub-micron (Proskurovsky et al., 1997; Zou et al., 2006). This leads to the formation of a
surface layer with improved physical, chemical and strength properties (Hao et al., 2005; Ivanov et

al., 2002, 2002; Zou et al., 2004).
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Fig. I 21: An image showing a typical crater on the surface of the HCPEB treated D2 steel.
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As described previously, the HCPEB treatment is a process coupled with thermal effect and
stress. It always causes intense heating, rapid cooling and solidification. This process has potential
to change the grain orientations in the treated layers. Zou et al. have firstly reported the evolution of
texture in the HCPEB treated samples of NiTi shape memory alloy(Zhang et al., 2007), and AISI
D2 cold working die steel (Zou et al., 2007).An example showing the presence of the mixed<100>+
<110> fiber texture in the rapid solidified treated layer of the HCPEB treated NiTi shape memory
alloy is shown in Fig. I. 22, where the Normal direction (Z1) is parallel to the HCPEB direction.

(100} e

Fig. I 22: Pole figures showing fiber texture containing components of <100> and <I10> for NiTi shape
memory alloy generated by HCPEB treatment(Zou et al., 2006).

An interesting phenomenon also observed in a 316L stainless steel surface after HCPEB, it is
the deformation twinning occurring only in <111> orientated grains, while grains with other
orientations show few signs of deformation twinning (Zou et al., 2008), as can be observed in Fig. I.
23 (where the (001) direction is parallel to the beam direction). This indicates that deformation was

triggered and it was orientation dependent.

Fig. I. 23: EBSD orientation map of the HCPEB treated 316L sample showing twins within the <111>
grains (Zou et al., 2008).
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III. 3 Deep induced-modification effects

It has been proposed in a simulation work (Qin et al., 2003)that the generation of a stress wave
was due to a special sub-layer heating mode. Thus, the HCPEB deep modification effects should be
the consequence of stress wave propagation in the sub-layer, because the heat-affected zone is a few

tens of micrometers in depth according to the simulations.

The stress affected zone, is usually hardened over depth exceeding several hundred micron
(Hao et al., 2005; Proskurovsky et al., 1997; Qin et al., 2004, 2009). For instance, Proskurovsky et
al. (Proskurovsky et al., 2000) have examined the in-depth distribution of microhardness for
prequenched steel irradiated by HCPEB, as shown in Fig. I. 24. The microhardness pattern shows a
clearly wave-like distribution (until about 300 um), far beyond the depth of melted layer.
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Fig. I 24: In-depth distribution of microhardness for a prequenched carbon steel 45. (1) 1 pulse (2) 300
pulses (Proskurovsky et al., 2000).

This deep modification effect was also studied by Qin et al.(Qin et al., 2009)in the case of a
pure Al (simple metal without any solid-state transition to study the basic material modifications
processes). Combining simulation work, they pointed out that the deep modification effect is caused
by an intense stress wave originated from sub-layer transmittance of an intense radial stress. Fig. L.
25 shows the harness evolution from the top surface for a pure Al alloy treated with 15 pulses for 20
min and the simulated results of the stress wave propagation. The characteristic wave-like
distribution of the hardness within about 1 mm is found (Fig. I. 25a). The simulations results that
the stress wave propagated and reversed its polarity during the HCPEB treatment (Fig. 1. 25b). The
authors reported that this was responsible of the plastic deformation of pure Al, both in twinning

and in dislocation modes, giving rise to the surface and sub-surface hardening.
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Fig. 1. 25: (a) Depth distribution of microhardness on the cross-sections of the Al sample bombarded by
HCPEB with 15 pulses for 20 mm. (b) Simulation of the transmission and reflection of the generated
thermoelastic stress wave.

Under the melting mode, the microstructure at the sub-surface that did not melt but can be
affected over a depth of about 100 um by the combination of a quasi-static thermal stress and the
propagation of a shock wave(Grosdidier et al., 2011; Zou et al., 2009).Fig. I. 26shows cross section
information illustrating these effects, which is the cross section micrograph of a D2 steel treated for
20 pulses under 27 keV. It reveals a significant reduction in grain size (zone II) below the melted
layer (zone I). The formation of ultra fine equiaxed grains in this zone is the result of combined

heavy deformation and recrystallization induced by the drastic thermal stresses.

Carbides + large
grains

Carbides + fine
grains

Melted layer

(a)

Fig. I 26: cross section image showing the evolution of microstructure of a D2 steel after 20
pulses(Grosdidier et al., 2011).
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IV. Low Temperature Plasma Nitriding of steels

The surface treatments (SMAT and HCPEB) presented in the previous sections are used as
surface activators prior to Plasma Nitriding. Before analyzing the effects of these surface treatments
on the diffusion of nitrogen, it is important to describe the mechanisms of the only nitriding
process. This part of this chapter contains then general information about the Plasma Nitriding
treatment as well as the effects of nitrogen insertion on the microstructure modification and the

associated properties of austenitic stainless steels.
IV.1 The Low Temperature Plasma Nitriding (LTPN) treatment

Austenitic stainless steels are widely used in the chemical and food-processing industries due to
its high corrosion resistance, which is based on the presence of a very stable surface oxide layer.
However, despite their high resistance corrosion, the application rage of stainless steels is limited,
owing to the poor tribological properties. Traditional processes such as gas-nitriding and gas-
carburizing can improve hardness and wear properties of stainless steels, but generally, lead to a
deterioration of the corrosion resistance, as such processes are typically take part at temperatures

above 500 °C (formation of chromium nitrides/carbides).

Nitriding is a thermo-chemical treatment used to enhance the wear, fatigue or the corrosion
properties of materials. In comparison with other thermo-chemical treatment, nitriding presents the
advantage to modify fairly lightly the shapes and surface state of materials. In addition, it was
discovered in the mid-80'es that hard and wear resistant surface layer could be obtained without
observing a loss of corrosion resistance when nitriding stainless steel at temperatures below 450° -
550 °C (Zhang and Bell, 1985).The new phase responsible for the favorable properties associated
with low-temperature nitriding was designed by several names in the literature: S phase(Ichii et al.,
1986), M phase (Marchev et al., 1999), yn phase or expanded austenite(Collins et al., 1995). It will
be called yn in this work. This phase is obtained when high quantities of nitrogen atoms and/or
carbon are dissolved in the stainless steel matrix (in solid solution) at temperatures below 450 © -
550 °C. This causes an expansion of the fcc lattice structure, where the nitrogen atoms reside in the

octahedral interstices of the fcc lattice, as shown in Fig. 1. 27.

Fig. I 27: Schematic illustration of an austenitic unit cell showing (in light green) the octahedral interstices.
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The formation of this new phase is depicted by experimental technique and essentially and
easily by the X-Ray Diffraction (XRD) technique. In the XRD pattern, in addition to y-phase, a new
broadened peak corresponding to the yn-phase appears at lower angles. This was regularly reported
in the literature after low temperature plasma nitriding of an AISI 316L(Mingolo et al., 2006;
Stinville et al., 2010; Templier et al., 2010). In the work of Stinville et al for example, after nitriding
an AISI 316Lduring 20 min to 160 hours, the XRD patterns shown in Fig. I. 28show that yy peaks
appear after all the treatment durations. A shift towards low angles and broadening of the peaks
appears clearly. In addition as the nitriding duration increases, the shift to lower angles increases

too.

Intensity (a.u.)

20 (degrees)

Fig. I. 28: XRD patterns for different nitriding durations. The peaks 316L (y) and expanded austenite (yN)
are indicated for the 111 and the 200 reflections (The low intensity 200yy peak for 20 min of nitriding has
been multiplied by 10) (Stinville et al., 2010).

The high nitrogen content dissolved in the matrix leads to a noticeable expansion of the lattice,
which increases the lattice parameter and gives rise to high compressive residual stresses. In the
same work (Stinville et al., 2010), from the position of the yn(111) and yn(220) positions, the lattice
parameter can be determined. The evolution as function of the nitriding duration is presented in Fig.
I. 29. Both lattice parameters increase as function of the nitriding durations to reach about 0.39 nm
after 8h hours of nitriding, and then remain quite constant up to 160 hours. As there is no possibility
for the nitride layer to expand in the direction of the surface, this leads to the formation of high
compressive stresses within the nitride layer. This stress effect is traduced in the XRD patterns in

form of shift to lower angles of diffraction.
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Fig. I. 29: Effective lattice parameter obtained from the 200 and 111 reflections for different nitriding
durations (Stinville et al., 2010).

Concerning the peak broadening, it was reported in previous works that the observed
asymmetric broadening is an immediate consequence of the range of compositions within the
nitrided layer (Christiansen et al., 2010). An example of nitrogen profiles is given in Fig. I. 30a,
where it is clearly observed that the N concentration decreases from the top surface towards the
material core. Indeed, it was shown that this variation in the chemical composition affects directly
the lattice parameter. Christiansen et al. analyzed the evolution of the lattice parameter as function
of the contents of interstitial atoms yn and yc respectively, which express the number of interstitial
atoms N or C per metal atom in the AISI 316Lstainless steel. This evolution is given in Fig. 1. 30b.
The lattice of expanded austenite expands linearly proportionally with the number of interstitial

atoms dissolved. This explains clearly the yn-peak broadening.
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Fig. I 30: (a) Nitrogen distribution profiles of specimen nitrided at 400 °C for 20 min, 1 h and 8 h (Stinville
etal, 2010).
(b) Lattice parameter a of nitrogen stabilized and carbon stabilized expanded austenite (cy and cc
respectively) as a function of number of interstitial atoms N or C per metal atom (yy or yc) (Christiansen et
al., 2010).
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IV.2 The modifications of the stainless steels microstructure induced by the Low

Temperature Plasma Nitriding (LTPN) process
1IV. 2. 1 The surface morphology modifications

The signature of the plastic deformation induced by the plasma nitriding can be observed
directly on the treated surface morphology. This typical morphology was observed after nitriding
for 33h of an AISI 316L(Stinville et al., 2010). As shown in Fig. I. 31, different slip bands

corresponding to {111} planes sliding have been observed

Fig. I. 31:Scanning Electron Microscopy images of the surface after 33 h of nitriding: (a) slip bands are
observed in each grain, also (b) some cracks and (c) the beginning of delamination (Stinville et al., 2010).

Fig. I. 31a shows the topography of the surface where one system of slip bands is observed to
be predominant for most of the grains with few traces probably corresponding to another system. In
addition, some damage in form of very small cracks appears preferentially near the grain boundaries
(Fig. I. 31b). This surface damage can be sufficient to favor the loss of some grains by delamination
as shown in Fig. I. 31c. This morphology was related to the compressive stress induced by the

lattice expansion after nitrogen insertion(Stinville et al., 2010).

In addition to this characteristic surface morphology, the nitriding process induced re-texturing
of the surface microstructure, which depends on the initial orientation of grains. This is illustrated in
Fig. I. 32, which shows the EBSD mapping of the same zone before and after nitriding for
8h(Stinville et al., 2010). The given orientation is corresponding to the colors triangle where <001>
is parallel to the normal direction to the surface. It is observed that the grains morphology remains
identical while the crystallographic texture is changed. It is clearly observed that the after nitriding,

the initial <101> texture is softened, and <111>and <001> are strengthened (Fig. I. 32b and d).
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Fig. I. 32: EBSD maps showing the orientation according to the surface normal before nitriding (a) and
after nitriding for 8 h at 400 C (b). The colour code is presented by the associated standard inverse pole
figure. Corresponding {00 1}, {10 1} and {1 11} pole figures illustrating the texture before (c) and after (d)
8 h of nitriding. In these figures the red and blue colours correspond to maximum and minimum ODF values,
respectively (Stinville et al., 2010b).

To better illustrate this surface texturing after nitriding, the Inverse Pole Figure (IPF) was used
(Stinville et al., 2010), as shown in Fig. 1. 33. It presents the evolution of the orientation for the
different grains presented in the EBSD map. The black dot represents the orientation before
nitriding and the black line indicates its orientation evolution after the treatment. From this figure,
considering the subdivision of the IPF into several regions, three types of the lattice re-orientation

can be depicted:

1. Grains oriented initially within the domain <111> - <101> are re-oriented towards the
<111> direction (region 1).

2. Initial grains “half-way” between the <001> and the <111> orientations present a re-
orientation towards the <001> - <111> line (region 2).

3. Initial grains oriented close to the <001> direction are re-oriented quite towards the

same direction (region 3).
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Fig. 1. 33: ND inverse pole figure showing the evolution of the orientation of some grains before and after §
h of nitriding. The ND inverse pole figure is subdivided into 3 regions with different main trends. Initial
orientations are marked as black dots and the end of a line gives the re-orientation after nitriding(Stinville et
al., 2010).

The authors explained this re-orientation of the nitrided regions of the grains by the huge

compressive stresses that are induced when the incorporated nitrogen atoms distend the lattice of

the initial austenitic grains.

1V. 2. 2 The-cross section microstructure evolution

In addition to the changes occurred on the top treated surface, the in-depth microstructure is
also modified. As described in the beginning of this section, the plasma nitriding leads to the
formation of the new phase yn. This phase is formed on the surface of stainless steels in form of a
layer, where the thickness changes as function of the nitriding conditions. Several previous works
studied the evolution of this layer as function of the treatment duration and temperatures. After
nitriding of an AISI 316Lunder 430 °C for different durations, cross-sections of the nitrided
samples were observed (Fossati et al., 2006), as shown in Fig. I. 34. The nitrided layers appear
clearly in the case of both nitrided samples. The white line separating the nitrided layer and the

matrix was due to the etching. It is also observed that increasing the nitriding duration results

clearly in an increase of the nitride depths.
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Fig. I. 34: Microstructure of the modified layers formed on the AISI 316L austenitic stainless steel samples
by glow-discharge nitriding treatment at 430 °C for (a) 2 hand (b) 5 hours(Fossati et al., 20006).

The influence of the nitriding temperature was also investigated. In the work of Borgioli et al.
(Borgioli et al., 2005), the evolution of the nitrided layer thickness as function of the treatment
temperature was studied. As shown in Fig. 1. 35, the nitrided layer thickness consists of the yx-
phase, and increases as the temperature of nitriding increases from 400 to 470 °C. However, as the
nitriding temperature increases, chromium and iron nitrides are detected in the layer, which may
deteriorate the corrosion resistance of the stainless alloy. In the present work, our treatments are

carried out at low temperature (350 °C) to avoid this phenomenon.

Fig. I. 35: Micrographs of the modified layer of the AISI 316L samples nitrided at (a) 400, (b) 430, and (c)
470°C(Borgioli et al., 2005).

In addition in to the increase of the nitrided layer thickness with the treatment duration and
temperature, the crystallographic structure and misorientation inside the yn-layer was modified. It
has been demonstrated by EBSD measurement that, in addition to the lattice expansion, the nitrogen
incorporation into the AISI 316L matrix induces significant lattice rotations inside the nitrided

layer(Templier et al., 2010). In Fig. I. 36, a quite linear depth-dependent lattice rotation is observed.
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This misorientation reaches a maximum close to the treated surface where the nitrogen content is

maximum, then decreases close to the interface with the matrix (y-phase).
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Fig. I. 36: The gradient of the misorientation across then nitrided zone of an AISI 316L after 33 h of
nitriding, where the bold white dashed line indicates the surface (the red circle and the blue square in the
insert ND inverse pole figure indicate the orientation of the non-nitrided and nitrided region of the grain,

respectively)(Templier et al., 2010).

Asgari et al also observed this phenomenon after Pulsed Plasma Nitriding (PPN) of an ASIS
316L (Asgari et al., 2011). EBSD examination of the nitrided layer showed a high amount of
plasticity induced in the layer during its formation. The evolution of the maximum of misorientation
angle and the nitrogen content as function of the distance from the surface is presented in Fig. I. 37.
It is observed in this figure that the misorientation reaches a maximum of about 11 ° at the top

nitrided layer and decreases to almost nullify in the un-nitrided zone.
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Fig. I 37: Nitrogen atomic concentration, hardness and change in misorientation angle of the S-phase layer
across the depth of the layer after PPN treatment (Asgari et al., 2011).

To understand the effect of grain rotation on nitrogen transport, Martinavicius et al. also have

investigated nitriding of a single crystalline AISI 316L with three different crystalline orientations
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(Martinavicius et al., 2009).After nitriding at 400 °C, the nitrogen penetration depth depends

significantly on the crystalline orientation, with the highest penetration depth for (001) orientation.

These cited results show then that the steel crystallographic orientation can affects directly the
nitrogen diffusion, and thereby the thickness of the nitrided layer. In addition, a correlation was

found between the nitrogen content and the induced misorientation.

IV.3 Hardness evolution after plasma nitriding of austenitic stainless steels

Plasma nitriding is commonly used to increase the materials hardness and wear resistance
without reducing the good corrosion resistance of stainless steels. The microstructure modifications
and induced-defects shown in the previous section are responsible of these enhancements. Several

works carried out investigations on the evolution of the mechanical properties of stainless steels

after plasma nitriding.

Typical profile of the hardness profile after plasma nitriding of an AISI F51 duplex stainless
steel is given in Fig. 1. 38(Pinedo et al., 2013).The material was nitrided at 400°C for 20 hours in in
a 75% N2 + 25% H2 atmosphere. The hardness reaches about 1000 HV near the top nitrided
surface, almost 5 times more than the initial hardness (200 HV). This enhancement was attributed to

nitrogen super-saturation built-up in the expanded phases.
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Fig. I. 38: Variation of microhardness of a plasma nitrided AISI F51 duplex as a function of the depth
from the surface(Pinedo et al., 2013).

It was also found that surface hardness of nitrided samples is time and temperature
dependent(Wang et al., 2006). After nitriding an AISI 304 under 420 °C for different duration, it
was shown that the Microhardness increases with the increase of the nitriding time (Fig. 1. 39). The
increase in hardness is due to the increase of the nitrided layer thickness and the high nitrogen

content in the layer.
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Fig. I. 39: Surface Microhardness of nitrided AISI 304 surfaces vs. processing time(Wang et al., 2006a).

In the work of Jeong et al., as shown in Fig. I. 40, after plasma nitriding of an AISI 316L at the

temperatures of 400 and 500 °C for 5 hours, the hardness reaches about 1120 and 1300 HV,

respectively(Jeong and Kim, 2001). The variations with pulse frequency showed only small

differences. The difference in hardness between the two nitriding temperatures was considered to be

related with the kind of the formed layers, where hard iron and chromium nitrides are formed at

500°C.
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Fig. I. 40: Variation of hardness of plasma nitrided AIS 316 with frequency and temperature(Jeong and

Kim, 2001).
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V. The use of Severe plastic Deformation techniques as surface activators for

improved "Duplex'" thermo-mechanical treatments

As mentioned in the introduction of this thesis, the aim of the severe plastic deformation used is
to enhance the nitrogen diffusion within the surface of stainless steels. This section contains an
overview of the results obtained after nitriding of deformed surfaces by different plastic
deformation processes. Firstly, some important results concerning the effects of the Surface
Mechanical Attrition Treatment (SMAT) on the nitrogen diffusion will be given. Secondly, the
surface activation by shot peening before nitriding is outlined. Finally, treatments such as cold
rolling, High-pressure torsion and plastic deformation techniques were also used to activate the

surface prior the thermo-chemical treatment and the results are grouped in the last sub-section.

V.1 The SMAT+nitriding duplex treatment

The Surface Mechanical Attrition Treatment was used in several works in the purpose of
accelerating the nitrogen diffusion and also to increase to the surface hardness and wear resistance

of materials. Some examples of results obtained in recent works will be given here.

After nanocrystallization of a low-carbon steel by SMAT, Gu et al. showed that the nitriding
efficiency of SMAT-ed samples had been significantly improved (Gu et al., 2002).The SMAT was
carried out using balls of 2 mm diameter and for 450 s. In this work, as the nitriding temperatures
were in the range of 460 to 560 °C, the nitrided layers were composed of y’-FesN and when under
the highest nitriding condition (560 °C for 18 hours), particles of e-Fe, 3N were also observed. Fig.
I. 41 shows the evolution of the thickness of the y’-layer as function of the nitriding duration, under

the three nitriding temperatures(Gu et al., 2002).
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Fig. I 41: Thickness of the y’ layer as function of the nitriding duration at (a) 460 °C, (b) 500 °C and (c)
560 °C of a low-carbon steel(Gu et al., 2002).

40



Chapter I: State of the art: effects of mechanical and thermo-mechanical treatments on stainless steels microstructure
and properties

It is clearly observed that undependably of the nitriding temperature, the SMAT process
increases significantly the diffusion. The y’-layer thickness is increased by more than two time

when the nitriding is carried out on nanocrystalized surfaces.

Similar effect was found after nitriding of SMAT-ed pure iron (Tong et al., 2007). The samples
were treated by SMAT using balls of 8 mm diameter vibrated by a generator with a frequency of 3
kHz and nitrided at 500 °C for 2 hours. Fig. I. 43gives micrographs of the cross section
morphologies of the nitrided samples as well as the evolution of the hardness. It is observed that the
nitrided layer (arrowed compound layer) is twice thicker in the case of the SMAT+ nitrided sample
(Fig. I. 43a) than in the coarse grained one (Fig. I. 43a). In addition, in the zone marked II in Fig. L.
43b, there exists small island-like structures, which was through to be the y’-FesN precipitates or

other nitrides.
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—o— Nitrided SMAT Fe
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Fig. I. 43: A cross-sectional SEM observation of (a) the SMAT nitrided sample and (b) nitrided coarse-
grained sample. (c) A bright-field TEM image of the layer at about 30 um from the top surface in the nitrided
SMAT sample. (d)Hardness variations with depth in the nitrided coarse-grained and SMAT samples(Tong et

al., 2007).

This increase of the nitrided layer thickness is accompanied with a significant increase of the
surface hardness, as shown in Fig. 1. 43c. It can be seen that the hardness of the SMAT-nitrided
sample reaches about 6,1 GPa (~ 610 HV), which is higher than that for the only nitrided sample
(about 4 GPa - ~ 408 HV). These profiles show also that the hardened layers were about 100um and
200 pwm for the nitrided and SMAT+nitrided samples, respectively. The increase of the extreme
surface hardness was attributed to the abundance of very small nitride precipitates, and the

subsurface hardness enhancement to the presence of a high density of defects induced by SMAT.

More recently, the combined effect of superficial nanocrystallization by SMAT followed by
plasma nitriding on the nitrogen diffusion and surface hardness of an AISI 316L was

studied(Chemkhi et al., 2013). The samples were treated by SMAT using 3 mm balls diameter for
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30 min, then nitrided at 425 °C for 20 hours. As can be observed in Fig. 1. 44a, with respect to the
sample only nitrided (marked N425), the preliminary SMAT process decreased the thickness and
homogeneity of the nitrided layer (sample SN425). This diminishment was believed to be due to
surface oxides, formed during SMAT, that block the nitrogen diffusion. An additional polishing
step was then carried out between the SMAT and the nitriding in order to remove this barrier oxide.
In the latter condition, thicker and continuous nitrided layer was formed (SPN425), reaching about

40 pm, instead of 26 pm (for the N425).

In addition to the increase of the nitrogen diffusion, the combination of the SMAT and nitriding
leads to improved surface hardness(Chemkhi et al., 2013). The evolution of hardness as function of
the distance from the top surface is given Fig. 1. 44b for the different treated samples. It is observed
near the top surface that the hardness of the SMAT+nitrided sample (SN425) is much lower than
the only nitrided one. However, when a step of polishing is used between the SMAT and nitriding,
the hardness of the SPN425 sample reaches almost the same hardness as the only nitrided one
(~1100 HV). In addition the hardened layer in the case of the SPN425 sample is thicker than the
SN425 one, which indicated that the nitrided layer of the SPN425 is thicker.

~+-Untreated
SS
4-N425
1 A -8-SN425
q‘ SPN425

Nitrided layer

100 pm

Vickers Micro-hardness (HV0.025)

s Sl 0 50 100 150 200

SPN425 - e Depth (um)

(a) (b)

Fig. I. 44: (a) Cross-sectional optical micrographs of an AISI 316Lnitrided (N425), SMAT+ nitrided
(SN425) and SMAT+ Polished+Nitrided (SPN425) samples. (b) Average cross-sectional Vickers micro-
hardness (Chemkhi et al., 2013).

These results illustrate the effect of the SMAT on nitriding of stainless steels. More particularly,
despite the formation of small quantities of CrN, the use of SMAT as surface activator, followed by

a polishing step, leads to the increase of the nitrided depth.
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V.2 Other severe plastic deformation techniques used as surface activators

Beside the SMAT, other plastic deformation techniques were used to activate the surface prior
to thermo-chemical treatments. The effect of severe plastic deformation by cold High Pressure
Torsion (HPT) on plasma nitriding of different alloys was investigated (Ferkel et al., 2002).
Samples in AISI 304 were nitrided for 3 hours at 350 °C after the HPT process. From the SEM
observations of the cross section, shown in Fig. I. 45, the HPT (upper right) transforms the initial
coarse-grained structure into very fine grained-one. Shear banding is also seen. After nitriding,
compared to the initially coarse-grained sample (lower right), the HPT then nitrided sample (lower
right) presents thicker nitrided layer. A layer of 2 to 3 um thickness, two times thicker than the
initial nitrided sample, cans be seen. These experimental observations demonstrate that the

microstructure of the HPT material does have a significant influence on nitrogen diffusion.

Fig. I 45: SEM pictures of a section across near surface layer of the AISI 304. Upper part: unprocessed
reference material (upper left) and the same material after HPT (upper right). Lower part: material after
nitriding only (lower left) and after HPT followed by nitriding (lower right)(Ferkel et al., 2002).

This increase of the nitrided depth on HPT-treated surfaces is associated with a significant
increase of the surface hardness(Ferkel et al., 2002). The results are given in Fig. I. 46. These
microhardness measurements show that the largest increase is achieved by combining HPT and
nitriding, where the hardness reaches about 1400 HV near the top surface then decreases to about
1000 HV with the highest indentation load. The hardness in this one remains higher than the one of
the only HPT-treated sample, which is due to the formed nitrided layer.
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Fig. I 46: Microhardness of the stainless steel as a function of the residual penetration depth of the
indenter. The load used in hardness measurement was increased stepwise starting with the lowest value (HV
0.01) (left symbol on each curve) and going up to the largest one (HV 0.3) (right symbol on each
curve)(Ferkel et al., 2002).

Another plastic deformation used as surface activator prior to nitriding is the cold rolling.
Egawa et al. have studied the effect of cold forming on low temperature plasma nitriding of
austenitic stainless steels(Egawa et al., 2009). AISI 316 and AISI 304 samples were cold-rolled
under two different reduction ratios (31 and 62 %) then nitrided at 400 °C (duration not mentioned).
The evolution of the nitrided layers morphology is given in Fig. I. 47and the nitrided depth are also
indicated in the figure. It is observed that the nitrided layer thickness increases with an increase of
the rolling reduction for both alloys. These results are comforted with chemical analysis carried out
on the samples surface (as shown in Fig. 1. 48). Higher increase of the nitrided layer formed on the
surface of the 62% cold-rolled AISI 304 is observed, because of the deformation-induced martensite

(bee structure), characterized by higher diffusion of nitrogen.
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Fig. I. 47: Microstructure of surface layers formed on the AISI 304and AISI 316L and the corresponding
nitrided depths as function of the rolling reduction(Egawa et al., 2009).
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Fig. I. 48: Nitrogen profiles obtained after nitriding the AISI 304 and AISI 316L(Egawa et al., 2009).<

V.3 Assumptions concerning the enhancement of the thermo-chemical treatment by

mechanical treatment activation

The nanostructuration of the treated surfaces by the different presented techniques was
generally given as the reason of the nitrogen diffusion enhancement. Indeed, for a nanostructured
material of a grain size of about 10 nm, the grain boundaries density is increased by about 30 %(Ji
et al., 2005; Suryanarayana and Koch, 2000). These grain boundaries can accelerate the diffusion of
chromium for example(Wang et al., 2005) and nitrogen(Tong et al., 2003, 2006). In addition, the
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density of triple junctions strongly increases with a decreasing grain size, as they are larger,

chromium diffuses more easily (Wang et al., 2003).

In the case of pure iron, the activation energy is two times smaller in the grains boundaries than
in the grains, and the nitrogen diffusivity along grain boundaries (5,4-107 cm™.s™) is two times
more than inside grains (3,3-107 cm™.s") at 300 °C (Tong et al., 2003). These properties can

explain the increase of nitrogen diffusion

Further more, the highly deformed microstructure, associated with the introduction of defects
and phase transformations, can affect the nitrogen diffusion. In the case of austenitic stainless steels,
the plastic deformation may induces phase transformation of the austenite into martensite(Ji et al.,
2005; Lin et al., 2006; Lu and Lu, 2004; Zhang et al., 2003). It is also well know that the diffusion
coefficient of nitrogen is more important in the martensite than in the austenite(Ji et al., 2005), even
if the solubility of the nitrogen is less in thea-phase than in the y one. The formed martensite can

then lead to an enhancement of the nitrogen transport.

46



Chapter I: State of the art: effects of mechanical and thermo-mechanical treatments on stainless steels microstructure
and properties

References

Arifvianto, B., Suyitno, Mahardika, M., Dewo, P., Iswanto, P.T., and Salim, U.A. (2011). Effect of
surface mechanical attrition treatment (SMAT) on microhardness, surface roughness and wettability
of AISI 316L. Mater. Chem. Phys. /25, 418-426.

Asgari, M., Barnoush, A., Johnsen, R., and Hoel, R. (2011). Microstructural characterization of
pulsed plasma nitrided 316L stainless steel. Mater. Sci. Eng. -Struct. Mater. Prop. Microstruct.
Process. 529, 425-434.

Bagheri, S., and Guagliano, M. (2009). Review of shot peening processes to obtain nanocrystalline
surfaces in metal alloys. Surf. Eng. 25, 3—14.

Borgioli, F., Fossati, A., Galvanetto, E., and Bacci, T. (2005). Glow-discharge nitriding of AISI
316L austenitic stainless steel: influence of treatment temperature. Surf. Coat. Technol. 200, 2474—
2480.

Chemkhi, M., Retraint, D., Roos, A., Garnier, C., Waltz, L., Demangel, C., and Proust, G. (2013).
The effect of surface mechanical attrition treatment on low temperature plasma nitriding of an
austenitic stainless steel. Surf. Coat. Technol. 2217, 191-195.

Christiansen, T.L., Hummelshoj, T.S., and Somers, M. a. J. (2010). Expanded austenite,
crystallography and residual stress. Surf. Eng. 26, 242-247.

Collins, G., Hutchings, R., Short, K., Tendys, J., Li, X., and Samandi, M. (1995). Nitriding of
Austenitic Stainless-Steel by Plasma Immersion Ion-Implantation. Surf. Coat. Technol. 74-5, 417—
424.

Egawa, M., Matsuda, Y., Ueda, N., Sone, T., Tsujikawa, M., and Nakata, K. (2009). Effect of Cold
Forming on Low-Temperature Plasma Nitriding and Carburizing Characteristics of Austenitic
Stainless Steel. Plasma Process. Polym. 6, S8§93—S896.

Ferkel, H., Glatzer, M., Estrin, Y., and Valiev, R.Z. (2002). RF plasma nitriding of a severely
deformed high alloyed steel. Scr. Mater. 46, 623—628.

Fleischer, R.L. (1967). The flow stress of body-centered cubic metals: inherent lattice hardening or
solution hardening? Acta Metall. /5, 1513—-1519.

Fossati, A., Borgioli, F., Galvanetto, E., and Bacci, T. (2006). Glow-discharge nitriding of AISI
316L austenitic stainless steel: influence of treatment time. Surf. Coat. Technol. 200, 3511-3517.

Gao, B., Hao, S., Zou, J., Wu, W., Tu, G., and Dong, C. (2007). Effect of high current pulsed
electron beam treatment on surface microstructure and wear and corrosion resistance of an AZ91HP
magnesium alloy. Surf. Coat. Technol. 201, 6297-6303.

Grosdidier, T., Zou, J., Ji, G., Zhang, K., Zhang, X., Hao, S., and Dong, C. (2007). Modifications of
surface microstructure and properties induced by high current pulsed electron beam (HCPEB)
treatments of intermetallics. In Advanced Intermetallic-Based Alloys, J. Wiezorek, C.L. Fu, M.
Takeyama, D. Morris, and H. Clemens, eds. (Warrendale: Materials Research Society), pp. 51-56.

Grosdidier, T., Zou, J.X., Stein, N., Boulanger, C., Hao, S.Z., and Dong, C. (2008). Texture
modification, grain refinement and improved hardness/corrosion balance of a FeAl alloy by pulsed
electron beam surface treatment in the “heating mode.”Scr. Mater. 58, 1058—1061.

47



Thermomechanical surface treatments of austenitic stainless steels and their effects on subsequent nitriding during
“Duplex” treatments

Grosdidier, T., Samih, Y., Allain-Bonasso, N., Bolle, B., Zou, Z.X., Quin, Y., Hao, S.Z., and Dong,
C. (2011). Grain Refinement and Hardening Induced by Heavy Deformation using Low Energy
High Current Pulsed Electron Beam Surface Treatment. In Nanomaterials by Severe Plastic
Deformation: NanospdS5, Pts 1 and 2, J.T. Wang, R.B. Figueiredo, and T.G. Langdon, eds. (Stafa-
Zurich: Trans Tech Publications Ltd), pp. 499-504.

Gu, J.F., Bei, D.H., Pan, J.S., Lu, J., and Lu, K. (2002). Improved nitrogen transport in surface
nanocrystallized low-carbon steels during gaseous nitridation. Mater. Lett. 55, 340-343.

Guan, Q.F., Zou, H., Zou, G.T., Wu, A.M., Hao, S.Z., Zou, J.X., Qin, Y., Dong, C., and Zhang,
Q.Y. (2005). Surface nanostructure and amorphous state of a low carbon steel induced by high-
current pulsed electron beam. Surf. Coat. Technol. 796, 145-149.

Hao, S., Yao, S., Guan, J., Wu, A., Zhong, P., and Dong, C. (2001). Surface treatment of aluminum
by high current pulsed electron beam. Curr. Appl. Phys. 7, 203-208.

Hao, S.Z., Gao, B., Wu, AM., Zou, J.X., Qin, Y., Dong, C., and Guan, Q.F. (2005). Surface
modification of steels and magnesium alloy by high current pulsed electron beam. Nucl. Instrum.
Methods Phys. Res. Sect. B-Beam Interact. Mater. At. 240, 646—652.

Hughes, D.. (2001). Microstructure evolution, slip patterns and flow stress. Mater. Sci. Eng. A 37/9—
321,46-54.

Hughes, D.A., and Hansen, N. (1995). High angle boundaries and orientation distributions at large
strains. Scr. Metall. Mater. 33, 315-321.

Hughes, D.A., and Hansen, N. (1997). High angle boundaries formed by grain subdivision
mechanisms. Acta Mater. 45, 3871-3886.

Ichii, K., Fujimura, K., and Takase, T. (1986). Structure of the ion-nitrided layer of 18-8 stainless
steel. Technol Rep Kansai Univ 135-144.

Ivanov, Y., Matz, W., Rotshtein, V., Gunzel, R., and Shevchenko, N. (2002a). Pulsed electron-beam
melting of high-speed steel: structural phase transformations and wear resistance. Surf. Coat.
Technol. 750, 188—-198.

Ivanov, Y., Matz, W., Rotshtein, V., Guenzel, R., and Shevchenko, N. (2002b). Enhanced wear
resistance of high-speed steel by pulsed electron-beam melting (Chengdu: Southwest Jiaotong Univ
Press).

Jeong, B.-Y., and Kim, M.-H. (2001). Effects of pulse frequency and temperature on the nitride
layer and surface characteristics of plasma nitrided stainless steel. Surf. Coat. Technol. /37, 249—
254.

Ji, S.J., Wang, L., Sun, J.C., and Hei, Z.K. (2005). The effects of severe surface deformation on
plasma nitriding of austenitic stainless steel. Surf. Coat. Technol. 795, 8§1-84.

Lin, Y., Lu, J., Wang, L., Xu, T., and Xue, Q. (2006). Surface nanocrystallization by surface
mechanical attrition treatment and its effect on structure and properties of plasma nitrided AISI 321
stainless steel. Acta Mater. 54, 5599-5605.

Liu, G., Lu, J.,, and Lu, K. (2000). Surface nanocrystallization of 316L stainless steel induced by
ultrasonic shot peening. Mater. Sci. Eng. A 286, 91-95.

48



Chapter I: State of the art: effects of mechanical and thermo-mechanical treatments on stainless steels microstructure
and properties

Lu, K., and Lu, J. (2004). Nanostructured surface layer on metallic materials induced by surface
mechanical attrition treatment. Mater. Sci. Eng. -Struct. Mater. Prop. Microstruct. Process. 375, 38—
45.

Lu, A., Zhang, Y., Li, Y., and Liu, G. (2006). Effect of nanocrystalline and twin boundaries on
corrosion behavior of 316l stainless steel using smat. Acta Metall. Sin. Engl. Lett. /9, 183—189.

Marchev, K., Landis, M., Vallerio, R., Cooper, C.V., and Giessen, B.C. (1999). The m phase layer
on ion nitrided austenitic stainless steel (III): an epitaxial relationship between the m phase and the

vy parent phase and a review of structural identifications of this phase. Surf. Coat. Technol. //6—119,
184-188.

Martinavicius, A., Abrasonis, G., Mdoller, W., Templier, C., Riviere, J.P., Declémy, A., and
Chumlyakov, Y. (2009). Anisotropic ion-enhanced diffusion during ion nitriding of single
crystalline austenitic stainless steel. J. Appl. Phys. 105, 093502.

Mingolo, N., Tschiptschin, A.P., and Pinedo, C.E. (2006). On the formation of expanded austenite
during plasma nitriding of an AISI 316L austenitic stainless steel. Surf. Coat. Technol. 2017, 4215—
4218.

Panicaud, B., Retraint, D., Grosseau-Poussard, J.-L., Li, L., Guérain, M., Goudeau, P., Tamura, N.,
and Kunz, M. (2012). Experimental and numerical study of the effects of a nanocrystallisation
treatment on high-temperature oxidation of a zirconium alloy. Corros. Sci. 60, 224-230.

Pinedo, C.E., Varela, L.B., and Tschiptschin, A.P. (2013). Low-temperature plasma nitriding of
AISI F51 duplex stainless steel. Surf. Coat. Technol. 232, 839—-843.

Proskurovsky, D.I., Rotshtein, V.P., and Ozur, G.E. (1997). Use of low-energy, high-current
electron beams for surface treatment of materials. Surf. Coat. Technol. 96, 117-122.

Proskurovsky, D.I., Rotshtein, V.P., Ozur, G.E., Markov, A.B., Nazarov, D.S., Shulov, V.A.,
Ivanov, Y.F., and Buchheit, R.G. (1998). Pulsed electron-beam technology for surface modification
of metallic materials. J. Vac. Sci. Technol. -Vac. Surf. Films 16, 2480-2488.

Proskurovsky, D.I., Rotshtein, V.P., Ozur, G.E., Ivanov, Y.F., and Markov, A.B. (2000). Physical
foundations for surface treatment of materials with low energy, high current electron beams. Surf.
Coat. Technol. 125, 49-56.

Qin, Y., Dong, C., Wang, X.G., Hao, S.Z., Wu, A.M., Zou, J.X., and Liu, Y. (2003). Temperature
profile and crater formation induced in high-current pulsed electron beam processing. J. Vac. Sci.
Technol. A 217, 1934-1938.

Qin, Y., Zou, J.X., Dong, C., Wang, X.G., Wu, A.M., Liu, Y., Hao, S.Z., and Guan, Q.F. (2004).
Temperature-stress fields and related phenomena induced by a high current pulsed electron beam.
Nucl. Instrum. Methods Phys. Res. Sect. B-Beam Interact. Mater. At. 225, 544-554.

Qin, Y., Dong, C., Song, Z., Hao, S., Me, X., Li, J., Wang, X., Zou, J., and Grosdidier, T. (2009).
Deep Modification of materials by thermal stress wave generated by irradiation of high-current
pulsed electron beams. J. Vac. Sci. Technol. A 27, 430-435.

Roland, T., Retraint, D., Lu, K., and Lu, J. (2006). Fatigue life improvement through surface
nanostructuring of stainless steel by means of surface mechanical attrition treatment. Scr. Mater. 54,
1949-1954.

49



Thermomechanical surface treatments of austenitic stainless steels and their effects on subsequent nitriding during
“Duplex” treatments

Roland, T., Retraint, D., Lu, K., and Lu, J. (2007). Enhanced mechanical behavior of a
nanocrystallised stainless steel and its thermal stability. Mater. Sci. Eng. A 445—446, 281-288.

Rotshtein, V.P., Proskurovsky, D.I., Ozur, G.E., Ivanov, Y.F., and Markov, A.B. (2004a). Surface
modification and alloying of metallic materials with low-energy high-current electron beams. Surf.
Coat. Technol. 180, 377-381.

Rotshtein, V.P., Ivanov, Y.F., Proskurovsky, D.I., Karlik, K.V., Shulepov, [.A., and Markov, A.B.
(2004b). Microstructure of the near-surface layers of austenitic stainless steels irradiated with a low-
energy, high-current electron beam. Surf. Coat. Technol. 780, 382-386.

Rotshtein, V.P., Ivanov, Y.F., Markov, A.B., Proskurovsky, D.I., Karlik, K.V., Oskomov, K.V.,
Uglov, B.V., Kuleshov, A K., Novitskaya, M.V.F., Dub, S.N., et al. (2006). Surface alloying of
stainless steel 316 with copper using pulsed electron-beam melting of film-substrate system. Surf.
Coat. Technol. 200, 6378-6383.

Stinville, J.C., Villechaise, P., Templier, C., Riviere, J.P., and Drouet, M. (2010a). Plasma nitriding
of 316L austenitic stainless steel: Experimental investigation of fatigue life and surface evolution.
Surf. Coat. Technol. 204, 1947—-1951.

Stinville, J.C., Villechaise, P., Templier, C., Riviére, J.P., and Drouet, M. (2010b). Lattice rotation
induced by plasma nitriding in a 316L polycrystalline stainless steel. Acta Mater. 58, 2814-2821.

Sun, Y. (2013). Sliding wear behaviour of surface mechanical attrition treated AISI 304 stainless
steel. Tribol. Int. 57, 67-75.

Suryanarayana, C., and Koch, C.C. (2000). Nanocrystalline materials — Current research and future
directions. Hyperfine Interact. /30, 5-44.

Van Swygenhoven, H., Farkas, D., and Caro, A. (2000). Grain-boundary structures in
polycrystalline metals at the nanoscale. Phys. Rev. B 62, 831-838.

Tao, N.R., Zhang, H.W., Lu, H., and Lu, K. (2003). Development of nanostructures in metallic
materials with low stacking fault energies during surface mechanical attrition treatment (SMAT).
Mater. Trans. 44, 1919-1925.

Templier, C., Stinville, J.C., Villechaise, P., Renault, P.O., Abrasonis, G., Riviere, J.P.,
Martinavicius, A., and Drouet, M. (2010). On lattice plane rotation and crystallographic structure of
the expanded austenite in plasma nitrided AISI 316L steel. Surf. Coat. Technol. 204, 2551-2558.

Thomas, B., and Schmitt, J.-H. (2002). Durcissement des aciers - Mécanismes. M4340.

Tong, W.P., Tao, N.R., Wang, Z.B., Lu, J., and Lu, K. (2003). Nitriding iron at lower temperatures.
Science 299, 686—688.

Tong, W.P., He, C.S., He, J.C., Zuo, L., Tao, N.R., and Wang, Z.B. (2006). Strongly enhanced
nitriding kinetics by means of grain refinement. Appl. Phys. Lett. 89.

Tong, W.P., Liu, C.Z., Wang, W., Tao, N.R., Wang, Z.B., Zuo, L., and He, J.C. (2007). Gaseous
nitriding of iron with a nanostructured surface layer. Scr. Mater. 57, 533-536.

Waltz, L., Retraint, D., Roos, A., and Olier, P. (2009). Combination of surface nanocrystallization
and co-rolling: Creating multilayer nanocrystalline composites. Scr. Mater. 60, 21-24.

50



Chapter I: State of the art: effects of mechanical and thermo-mechanical treatments on stainless steels microstructure
and properties

Wang, L., Ji, S., and Sun, J. (2006a). Effect of nitriding time on the nitrided layer of AISI 304
austenitic stainless steel. Surf. Coat. Technol. 200, 5067-5070.

Wang, Z.B., Tao, N.R., Tong, W.P., Lu, J, and Lu, K. (2003). Diffusion of chromium in
nanocrystalline iron produced by means of surface mechanical attrition treatment. Acta Mater. 57,
4319-4329.

Wang, Z.B., Lu, J.,, and Lu, K. (2005). Chromizing behaviors of a low carbon steel processed by
means of surface mechanical attrition treatment. Acta Mater. 53, 2081-2089.

Wang, Z.B., Lu, J., and Lu, K. (2006b). Wear and corrosion properties of a low carbon steel
processed by means of SMAT followed by lower temperature chromizing treatment. Surf. Coat.
Technol. 201, 2796-2801.

Zhang, Z.L., and Bell, T. (1985). STRUCTURE AND CORROSION RESISTANCE OF PLASMA
NITRIDED STAINLESS STEEL. Surf. Eng. /, 131-136.

Zhang, H.W., Hei, Z.K., Liu, G., Lu, J., and Lu, K. (2003). Formation of nanostructured surface
layer on AISI 304 stainless steel by means of surface mechanical attrition treatment. Acta Mater.
51,1871-188l.

Zhang, K.M., Zou, J.X., Grosdidier, T., Gey, N., Weber, S., Yang, D.Z., and Dong, C. (2007).
Mechanisms of structural evolutions associated with the high current pulsed electron beam
treatment of a NiTi shape memory alloy. J. Vac. Sci. Technol. A 25, 28-36.

Zou, J.X., Qin, Y., Dong, C., Wang, X.G., Wu, A.M., and Hao, S.Z. (2004a). Numerical simulation
of the thermal-mechanical process of high current pulsed electron beam treatment. J. Vac. Sci.
Technol. A 22, 545-552.

Zou, J.X., Wu, AM., Dong, C., Hao, S.Z., Liu, Z.M., and Ma, H.T. (2004b). Beam treatment
oxidation protection of AISI H13 steel by high current pulsed electron. Surf. Coat. Technol. /83,
261-267.

Zou, J.X., Grosdidier, T., Zhang, K.M., and Dong, C. (2006a). Mechanisms of nanostructure and
metastable phase formations in the surface melted layers of a HCPEB-treated D2 steel. Acta Mater.
54, 5409-5419.

Zou, J.X., Zhang, K., Dong, C., Qin, Y., Hao, S., and Grosdidier, T. (2006b). Selective surface
purification via crater eruption under pulsed electron beam irradiation. Appl. Phys. Lett. §9.

Zou, J.X., Grosdidier, T., Zhang, K.M., Gao, B., Hao, S.Z., and Dong, C. (2007a). Microstructures
and phase formations in the surface layer of an AISI D2 steel treated with pulsed electron beam. J.
Alloys Compd. 434—435, 707-7009.

Zou, J.X., Grosdidier, T., Bolle, B., Zhang, K.M., and Dong, C. (2007b). Texture and
microstructure at the surface of an AISI D2 steel treated by high current pulsed electron beam.
Metall. Mater. Trans. -Phys. Metall. Mater. Sci. 384, 2061-2071.

Zou, J.X., Zhang, K.M., Grosdidier, T., Dong, C., Qin, Y., Hao, S.Z., and Yang, D.Z. (2008).
Orientation-dependent deformation on 316L stainless steel induced by high-current pulsed electron
beam irradiation. Mater. Sci. Eng. -Struct. Mater. Prop. Microstruct. Process. 483-84, 302-305.

51



Thermomechanical surface treatments of austenitic stainless steels and their effects on subsequent nitriding during
“Duplex” treatments

Zou, J.X., Grosdidier, T., Zhang, K.M., and Dong, C. (2009). Cross-sectional analysis of the graded
microstructure in an AISI D2-steel treated with low energy high-current pulsed electron beam.
Appl. Surf. Sci. 255, 4758-4764.

52



Chapter I: State of the art: effects of mechanical and thermo-mechanical treatments on stainless steels microstructure
and properties

List of figures

F1G.I. 1: ATOMS LOCATION IN THE METALLIC SOLID SOLUTION (THOMAS AND SCHMITT, 2002).....cccteereeriieniieneeeieennennne 9
FIG. 1. 2: STACKING FAULTS FORMED BY THE PROPAGATION OF PARTIAL DISLOCATIONS IN AN AUSTENITIC STAINLESS
STEEL (WITH LOW SFE) (THOMAS AND SCHMITT, 2002). ...eevititieiiieeiiieniieeitesiteeieesiteeiee st enieesateebeesateenbeesaneenseens 10
FIG. 1. 3: SCHEMATIC FORMATION STEPS OF A MECHANICAL TWIN IN A FCC MATERIAL BY THE SLIDING OF THE PARTIAL
DISLOCATIONS (THOMAS AND SCHMITT, 2002). ..ceouttitieriieiiieniteeieesiteeteestee it esitesateesitesateesbeesabeesbeesssesnseeseseenseenanes 10
F1G. 1. 4: (A) SCHEMATIC ILLUSTRATION OF THE SMAT PRINCIPLE, (B) TYPICAL MULTIDIRECTIONAL PLASTIC
DEFORMATION IN THE SAMPLE SURFACE LAYER INDUCED BY THE IMPACT OF THE BALLS (LU AND LU, 2004)......... 12
FIG. L. 5: ILLUSTRATION OF THE MICROSTRUCTURE CHARACTERISTICS AND DISTRIBUTIONS OF STRAIN AND STRAIN RATE
FROM THE TOP SURFACE ALONG DEPTH AFTER SIMAT . .....iiiiiiiiiiiie ittt st ettt st st 13
FIG. 1. 6: SCHEMATIC DRAWING OF DEFORMATION MICROSTRUCTURES AND GRAIN SUBDIVISION. (A) SMALL TO MEDIUM
STRAIN (VON-MISES STRAIN ,Eyy= 0.06 - 0.80 WITH LONG MICROBANDS AND DENSE DISLOCATION WALLS (DDW)
SURROUNDING GROUPS OF CELLS IN CELL BLOCKS; (B) LARGE STRAIN, Ey\> | WITH LAMELLAR BOUNDARIES (LBS)
PARALLEL TO THE DEFORMATION DIRECTION, SANDWICHING IN NARROW SLABS OF CELLS OR EQUIAXED
SUBGRATINS. ..cuttttuttertteeuttertteettestteesttesttesateesuteaateesbteaaseesseeaabeessbeaateeseseeaseesaseeabeenateeabeessseeabeeseseenbeesaseenbeesateenbeesaneenseens 14
FIG. 1. 7: A SCHEMATIC ILLUSTRATION OF GRAIN REFINEMENT DURING SMAT FOR THE TWO SAMPLES WITH LOW
STACKING FAULT ENERGIES (TAO ET AL., 2003). c..eiiiieiiieiieeieeiee ettt ettt ettt ettt et e sat e et e st et esaneennee s 16
FIG. I. 8: NEW GRAIN BOUNDARIES ARRANGEMENT IN THE NANOSTRUCTURED LAYERS. (A) APPARITION OF DISLOCATIONS
DURING THE PLASTIC DEFORMATION AND (B) GROUPING OF THESE DISLOCATIONS TO FORM A DENSE DISLOCATION
WALL (BAGHERT AND GUAGLIANO, 2009). ...uttiiieiititienite ettt ettt ettt sttt st e sbtesate e bt e s bt ebeesabeebeeseneenseenanes 16
F1G. I. 9: (A) SEM CROSS-SECTION OBSERVATION OF THE 316L SAMPLE AFTER 810S ULTRASONIC SHOT PEENING (UPS)
TREATMENT. (B) A CLOSE OBSERVATION OF THE MICROBANDS IN THE TOP SURFACE LAYER; (C) AND THE MULTIPLE-
SLIP IN THE SUBSURFACE LAYER (LTU ET AL., 2000). ....oiiiiiiiiiiiieiiiieeiiteeeiieeeeteeeeiteeeiveeessbeeesssaeeessaaeesssaeesssseesnssens 17
FIG. I. 10: CROSS SECTION OPTICAL MICROGRAPH OF A SAMPLE TREATED FOR 60 MIN, SHOWING THE DEFORMED LAYER
AND THE INITIAL MATERIAL (MATRIX) (LU ET AL., 2000). .c..tteiiiiiieiiieeieenite ettt sttt ettt st e 18
FIG. I. 11: TEM MICROGRAPH AND DIFFRACTION PATTERNS DONE AT ABOUT 50 M FROM THE TOP TREATED SURFACE. (A)
PARALLEL TWINS, (B) MULTI-DIRECTIONAL TWINS (LU ET AL., 2000). .....ccceeruiniiiiniiniieienieeienieereneere e 18
FI1G. I. 12: TEM IMAGE OF THE MICROSTRUCTURE AT THE DEPTH OF (A) 50 pM AND (B) 200 pM IN THE SAMPLE SUBJECTED
TO SMAT, ILLUSTRATING TWIN—TWIN INTERSECTIONS (ROLAND ET AL., 2007). ..ccciitiieeiiieiiiieeiieeeeieeeevieeeivee s 19
F1G. I. 13: THE MICROHARDNESS PROFILES MEASURED ACROSS THE SMAT LAYERS OF AISI 304 TREATED FOR VARIOUS
TIMES (BALLS OF 6 MM DIAMETER WERE USED TO TREAT THE SURFACE) (SUN, 2013)...ccccceiriiriiiiieiieeiee e 20
FIG. I. 14: MICROHARDNESS EVOLUTION AS FUNCTION OF THE DISTANCE FROM THE TREATED SURFACE BY SMAT OF AN
AISI 3161 WITH BALLS OF 4,76 MM DIAMETER (ARIFVIANTO ET AL., 2011). c.oooiiiiiiiiieeiiiecieeeee e 20
FIG. 1. 15: (A) WEAR VOLUME AS A FUNCTION OF APPLIED NORMAL LOAD UNDER OIL LUBRICATED CONDITION FOR THE
UNTREATED AND SMAT-ED SPECIMENS AGAINST A STEEL BALL SLIDER. (B) TYPICAL SURFACE PROFILES ACROSS
THE WEAR TRACKS ON THE UNTREATED AND SMAT-ED SPECIMENS RESULTED FROM OIL-LUBRICATED WEAR
TESTING UNDER 20N LOAD. ..eutteiiteitieriieeittesiteerteestteeteesttesateesatesaseesstesaseebeesaseeseesateesstesateestesaseeseesabesnseesaseenseenanes 21
FI1G. I. 16: TENSILE STRESS—STRAIN CURVES OBTAINED FOR DIFFERENT SMAT TIMES (ROLAND ET AL., 2007). ............... 22
FIG. I. 17: VARIATIONS OF THE MICROHARDNESS WITH THE DISTANCE FROM THE TREATED SURFACE DETERMINED FOR
THE AIST316L (ROLAND ET AL.; 2007). cecutteiiiteiieniteetteeite et site et ettt ettt st e esite st e sttesate e bt e eabeebeesnbeenbeesaneenseenanes 22

53



Thermomechanical surface treatments of austenitic stainless steels and their effects on subsequent nitriding during
“Duplex” treatments

Fi1G

Fi1G

FiG.

FiG.

FiG.

FiG.

FiG.

FiG.

FiG.

FiG.

FiG.

FiG.

FiG.

FiG.

FiG.

FIG

. 1. 18: EFFECT OF (A) THE BALLS NUMBER AND (B) THE BALLS DIAMETER ON THE NEAR MICROHARDNESS EVOLUTION
OF A SMAT-ED AISI 316L (ARIFVIANTO ET AL., 201 1) 1oiuiiiieiiiiiiie ettt ettt e e e e e e e e enas e eneneas 23
. 1. 19: SCHEMA OF THE PRINCIPLE OF THE PRODUCTION OF LOW-ENERGY INTENSE ELECTRON BEAMS IN A PLASMA-

FIELD DIODE. 1: EXPLOSIVE-EMISSION CATHODE, 2: ANODE UNIT WITH SPARK PLASMA SOURCES, 3: COLLECTOR, 4:

VACUUM CHAMBER, 5: SOLENOID, 6: CATHODE PLASMA, 7:ANODE PLASMA (PROSKUROVSKY ET AL., 1997). ........ 24
1. 20: SCHEMATIC DIAGRAM OF THREE ZONES GENERATED BY HCPEB TREATMENT. .......ccooviuviiieeiiirrieeeeeeireeeeeeennns 25
I. 21: AN IMAGE SHOWING A TYPICAL CRATER ON THE SURFACE OF THE HCPEB TREATED D2 STEEL. ......c.c...ccceeunu... 26

I. 22: POLE FIGURES SHOWING FIBER TEXTURE CONTAINING COMPONENTS OF <100> AND <110> FOR NITI SHAPE
MEMORY ALLOY GENERATED BY HCPEB TREATMENT (ZOU ET AL., 2000).......cccutiiiiiieeiiieiiieeeiieeesreeesreeeeivee s 27
1. 23: EBSD ORIENTATION MAP OF THE HCPEB TREATED 316 SAMPLE SHOWING TWINS WITHIN THE <111> GRAINS
(ZOU ET AL+, 2008). ...ttt ittt ettt ettt et ettt st et e st e s bt e sat e e bt e ea bt e bteaabeesateeabeeshteenseessbeeabeesateeabeesabeenseesebeenseenanes 27
1. 24: IN-DEPTH DISTRIBUTION OF MICROHARDNESS FOR A PREQUENCHED CARBON STEEL 45. (1) 1 PULSE (2) 300
PULSES (PROSKUROVSKY ET AL., 2000). ....eeiitiiiiieniiieteeniteettesite et ettt et e stee bt esitesateesieesateesbeesaseenbeesabesnseesaseenseenanes 28
I. 25: (A) DEPTH DISTRIBUTION OF MICROHARDNESS ON THE CROSS-SECTIONS OF THE AL SAMPLE BOMBARDED BY
HCPEB WITH 15 PULSES FOR 20 MM. (B) SIMULATION OF THE TRANSMISSION AND REFLECTION OF THE GENERATED
THERMOELASTIC STRESS WAVE. ....ciittiiiitittertteesteentteeteesttesateesitesaseessteesseeseessseesstesateesstesaseenssesnseenseesssesnseessseenseennnes 29
I. 26: CROSS SECTION IMAGE SHOWING THE EVOLUTION OF MICROSTRUCTURE OF A D2 STEEL AFTER 20 PULSES
(GROSDIDIER ET AL, 20T 1)1 ciiiiiiiiiiieeiit ettt et e ettt e ettt e ettt e e s abeeeeatbeeestbeaassbasensssaessssaeasssaeessaeessseaeanssessnssens 29
1. 27: SCHEMATIC ILLUSTRATION OF AN AUSTENITIC UNIT CELL SHOWING (IN LIGHT GREEN) THE OCTAHEDRAL
INTERSTICES. ..t eutteeuteenttesiteenteeseteesttesuteebaeesbeesseesabeenstesateessbeaabeenbaeeaseansteaabeeseeeateeseteenseesateeabeanateenbeesabeenseeseneenbeenanes 30
I. 28: XRD PATTERNS FOR DIFFERENT NITRIDING DURATIONS. THE PEAKS 316L (I') AND EXPANDED AUSTENITE (TN)
ARE INDICATED FOR THE 111 AND THE 200 REFLECTIONS (THE LOW INTENSITY 200I'y PEAK FOR 20 MIN OF
NITRIDING HAS BEEN MULTIPLIED BY 10) (STINVILLE ET AL., 2010)...c.cooiiiiniiiiiniiiiiniieieniceieeeeic e 31
1. 29: EFFECTIVE LATTICE PARAMETER OBTAINED FROM THE 200 AND 111 REFLECTIONS FOR DIFFERENT NITRIDING
DURATIONS (STINVILLE ET AL, 20T0)....0iiiiiiieiiiieeiiieeeiee sttt e ettt e esteeesveeeetveeestbeeesbeaeasseeessssaassssessssseeessseeesssseennsns 32
I. 30: (A) NITROGEN DISTRIBUTION PROFILES OF SPECIMEN NITRIDED AT 400 °C FOR 20 MIN, 1 H AND 8 H (STINVILLE
ET AL., 2000 cutiiiiiie ettt ettt ettt ettt e ettt eeetteeetteeesebeeeessaeessseeeaasseeessaeessaaaassseesassaeassseaaassseessssaeassseeesssaeenssaaennsseennsn 32
I. 31:SCANNING ELECTRON MICROSCOPY IMAGES OF THE SURFACE AFTER 33 H OF NITRIDING: (A) SLIP BANDS ARE

OBSERVED IN EACH GRAIN, ALSO (B) SOME CRACKS AND (C) THE BEGINNING OF DELAMINATION (STINVILLE ET AL.,

1. 32: EBSD MAPS SHOWING THE ORIENTATION ACCORDING TO THE SURFACE NORMAL BEFORE NITRIDING (A) AND
AFTER NITRIDING FOR 8 H AT 400 C (B). THE COLOUR CODE IS PRESENTED BY THE ASSOCIATED STANDARD INVERSE
POLE FIGURE. CORRESPONDING {00 1}, {101} AND {1 11} POLE FIGURES ILLUSTRATING THE TEXTURE BEFORE (C)
AND AFTER (D) 8 H OF NITRIDING. IN THESE FIGURES THE RED AND BLUE COLOURS CORRESPOND TO MAXIMUM AND
MINIMUM ODF VALUES, RESPECTIVELY (STINVILLE ET AL., 2010B). ..eecttiitiiiiieiieiiienite ittt 34

. I. 33: ND INVERSE POLE FIGURE SHOWING THE EVOLUTION OF THE ORIENTATION OF SOME GRAINS BEFORE AND AFTER 8

H OF NITRIDING. THE ND INVERSE POLE FIGURE IS SUBDIVIDED INTO 3 REGIONS WITH DIFFERENT MAIN TRENDS. INITIAL

ORIENTATIONS ARE MARKED AS BLACK DOTS AND THE END OF A LINE GIVES THE RE-ORIENTATION AFTER NITRIDING

(STINVILLE ET AL., 20110). c..oeeeueiieeeiieeeiieeeeeie e eetee e tte e ettt e e etveeestbaeesssteeeseseeastsaaasssaseanssaesssseeansseeeassseesnsseessseeeanssesnssens 35

54



Chapter I: State of the art: effects of mechanical and thermo-mechanical treatments on stainless steels microstructure
and properties

FiG.

FiG.

FiG.

FiG.

FiG.

FiG.

FiG.

FiG.

FiG.

FiG.

FiG.

FiG.

FiG.

FiG.

FiG.

I. 34: MICROSTRUCTURE OF THE MODIFIED LAYERS FORMED ON THE AISI 316L AUSTENITIC STAINLESS STEEL

SAMPLES BY GLOW-DISCHARGE NITRIDING TREATMENT AT 430 °C FOR (A) 2 HAND (B) 5 HOURS (FOSSATI ET AL.,

2006). 0.ttt ettt et h bttt e bt e e b e e bt ea ke e sh b e e ab e e bt e e ab e e bt e e ab e e bt ea bt e bt e eabe e bt e eabeenbeesabeenbeesabeebeenanes 36
I. 35: MICROGRAPHS OF THE MODIFIED LAYER OF THE AISI 316L SAMPLES NITRIDED AT (A) 400, (B) 430, AND (C)
470°C (BORGIOLI ET AL., 2005). ..cutitieiiiieeiieeeitteeesteeeeteeesiteeestseeestaaeessseeesssseessssaaasssesesssseesssaessssesssssesessseenssseennsns 36

I. 36: THE GRADIENT OF THE MISORIENTATION ACROSS THEN NITRIDED ZONE OF AN AISI 3161 AFTER 33 H OF
NITRIDING, WHERE THE BOLD WHITE DASHED LINE INDICATES THE SURFACE (THE RED CIRCLE AND THE BLUE
SQUARE IN THE INSERT ND INVERSE POLE FIGURE INDICATE THE ORIENTATION OF THE NON-NITRIDED AND
NITRIDED REGION OF THE GRAIN, RESPECTIVELY) (TEMPLIER ET AL., 2010). ...ccoiiiiiiiiiieeiiieeiee et 37

I. 37: NITROGEN ATOMIC CONCENTRATION, HARDNESS AND CHANGE IN MISORIENTATION ANGLE OF THE S-PHASE
LAYER ACROSS THE DEPTH OF THE LAYER AFTER PPN TREATMENT (ASGARI ET AL., 2011)...cccciiniiiiiiiiiniieiienee. 37

I. 38: VARIATION OF MICROHARDNESS OF A PLASMA NITRIDED AISI F51 DUPLEX AS A FUNCTION OF THE DEPTH FROM
THE SURFACE (PINEDO ET AL., 2013). 1.eeiiiiieiieiie ettt ettt ettt sttt ettt et e sat e et esabeenbeesebeebeenenes 38

1. 39: SURFACE MICROHARDNESS OF NITRIDED AISI 304 SURFACES VS. PROCESSING TIME (WANG ET AL., 2006A). .39

1. 40: VARIATION OF HARDNESS OF PLASMA NITRIDED AIS 316 WITH FREQUENCY AND TEMPERATURE (JEONG AND
KIM, 2001). cutttieie ettt ettt ettt et e e et et e et e st e st eseesseeasesseessesseenseeseen s e et e enseen s enseene e st ense st enseeReenseeseenseeseenseenaenseans 39

I. 41: THICKNESS OF THE I"” LAYER AS FUNCTION OF THE NITRIDING DURATION AT (A) 460 °C, (B) 500 °C AND (C) 560
OC OF A LOW-CARBON STEEL. ...cutttitttettentteeteenttesteenttesuteesttesseessseesseesseessteesssesnseessseanseesssesnsesssseenseessessseessseenseensnes 40

1. 42: THICKNESS OF THE I"” LAYER AS FUNCTION OF THE NITRIDING DURATION AT (A) 460 °C, (B) 500 °C AND (C) 560
OC OF A LOW-CARBON STEEL. ...cuttettttettertteeteentteenteesttesateesttesseessseanseenseesnseesssesnteessseanseessseenseesssesnseessessseesseenseennnes 40

I. 43: A CROSS-SECTIONAL SEM OBSERVATION OF (A) THE SMAT NITRIDED SAMPLE AND (B) NITRIDED COARSE-
GRAINED SAMPLE. (C) A BRIGHT-FIELD TEM IMAGE OF THE LAYER AT ABOUT 30 MM FROM THE TOP SURFACE IN
THE NITRIDED SMAT SAMPLE. (D)HARDNESS VARIATIONS WITH DEPTH IN THE NITRIDED COARSE-GRAINED AND
SMAT SAMPLES(TONG ET AL., 2007). ..eeecutteeitiieeiiieeeitiieesteeesteeestteeeereeeseseeesssesesssesessesassseseasseesssseesssseessssseesssses 41

I. 44: (A) CROSS-SECTIONAL OPTICAL MICROGRAPHS OF AN AISI 316LNITRIDED (N425), SMAT+ NITRIDED (SN425)
AND SMAT+HPOLISHED+NITRIDED (SPN425) SAMPLES. (B) AVERAGE CROSS-SECTIONAL VICKERS MICRO-
HARDNESS (CHEMKHI ET AL., 2013). 1oiiiiiiiiiiiiieitieett ettt ettt ettt et ettt st et st e b e st e beeeabeebeesabeenbeesateeseenanes 42

I. 45: SEM PICTURES OF A SECTION ACROSS NEAR SURFACE LAYER OF THE AISI 304. UPPER PART: UNPROCESSED
REFERENCE MATERIAL (UPPER LEFT) AND THE SAME MATERIAL AFTER HPT (UPPER RIGHT). LOWER PART:
MATERIAL AFTER NITRIDING ONLY (LOWER LEFT) AND AFTER HPT FOLLOWED BY NITRIDING (LOWER RIGHT)
(FERKEL ET AL.; 2002). ..ttiuttetieiiitesite ettt et ettt et e st e sitesabe e bteeabeebtesabeesatesateesabeenseesabeenbeassteeabeesabeenseeseseenseenanes 43

I. 46: MICROHARDNESS OF THE STAINLESS STEEL AS A FUNCTION OF THE RESIDUAL PENETRATION DEPTH OF THE
INDENTER. THE LOAD USED IN HARDNESS MEASUREMENT WAS INCREASED STEPWISE STARTING WITH THE LOWEST
VALUE (HV 0.01) (LEFT SYMBOL ON EACH CURVE) AND GOING UP TO THE LARGEST ONE (HV 0.3) (RIGHT SYMBOL
ON EACH CURVE) (FERKEL ET AL., 2002). ...eetteitttiitenitentiesite et ettt et ettt ebeesitesateesiteenseesasesnbeesasesabeesssesnseesaneenseesanes 44

1. 47: MICROSTRUCTURE OF SURFACE LAYERS FORMED ON THE AISI 304AND AISI 316L. AND THE CORRESPONDING
NITRIDED DEPTHS AS FUNCTION OF THE ROLLING REDUCTION (EGAWA ET AL., 2009).....cccceviiiiiiiiiiinienieeniieeieenne 45

1. 48: NITROGEN PROFILES OBTAINED AFTER NITRIDING THE AISI 304 AND AISI316L (EGAWA ET AL., 2009).< ..... 45

List of tables

TABLE 1. 1: THE ADJUSTABLE SMAT PARAMETER USED FOR THE SMAT . ...oviiiiiiiiiiiiiiieeeeeeeeeeeeeeee ettt 12

55



Thermomechanical surface treatments of austenitic stainless steels and their effects on subsequent nitriding during
“Duplex” treatments

56



Chapter 11

The studied materials and characterization techniques

The aim if this chapter is to give a description of the treated materials and the experiments

techniques used for the characterization.

In the first part, a review of the microstructure and properties of the studied materials are
summarized. Two materials are studied: The AISI 316L (two grades: the 316LM and 316LS) and
AISI 660 austenitic stainless steels. The typical microstructure of these materials as well as their

mechanical properties are described.

The second part summarizes the techniques used to characterize the evolution of the microstructure,
the chemical composition and the associated mechanical properties (hardness and residual stress). A
rapid review of the Electron BackScattered Diffraction (EBSD) is given. The procedure of the
determination of the Geometrically Necessary Dislocation (GND) is detailed. Then, the residual
stress measurement by X-Ray Diffraction is described recalling the basic principles and
assumptions. Concerning the chemical composition quantification, the Glow Discharge Emission
Optical Spectrometry (GD-OES) principle is presented. Finally, the surface hardness measurement

procedure is described.
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Chapter II: The Studied Materials and Characterization techniques

I. Materials

I 1. Introduction to the stainless steels

The stainless steels are a suitable class of alloys for many industrial applications where a high
corrosion resistance is required. This resistance is imparted to the alloy by adding at least about 11
wt. % of Chromium. Contrarily to the carbon steels, which corrode rapidly by the formation of an
iron oxide film, the amount of Chromium present in stainless steel is sufficient to form a passive
film of chromium oxide, blocking the oxygen diffusion to the steel surface. The stainless steels
class can be divided into four basic groups based on their crystalline structure: austenitic, ferritic,
martensitic and Duplex (Lo, Shek, and Lai 2009). Another group of stainless steels known as

precipitation-hardened steels are a combination of austenitic and martensitic steels.

1 - The ferritic stainless steels are magnetic non heat-treatable steels that contain chromium but
not nickel. They have good heat and corrosion resistance, in particular in sea water, and good
resistance to stress-corrosion cracking. Their mechanical properties are not as strong as the

austenitic grades, however they have better decorative appeal.

2 - Martensitic grades: Martensitic grades are magnetic and can be heat-treated by quenching
and tempering. They contain chromium but usually contain no nickel, except for 2 grades.
Martensitic steels are not as corrosive resistant as austenitic or ferritic grades, but their hardness
levels are among the highest of the all the stainless steels, due to the high content of carbon in the

martensitic stainless steels.

3 - The austenitic stainless steels are non heat-treatable non-magnetic steels that are usually
annealed and cold worked. Some austenitic steels tend to become slightly magnetic after cold
working. They have excellent corrosion and heat resistance with good mechanical properties over a
wide range of temperatures. There are two subclasses of austenitic stainless steels: chromium-nickel
and chromium-manganese-low nickel steels. Chromium-nickel steels are the most general widely
used steels and are also known as 18-8(Cr-Ni) steels. The chromium nickel ratio can be modified to
improve formability; carbon content can be reduced to improve intergranular corrosion resistance.

Molybdenum can be added to improve corrosion resistance.

4 - Duplex stainless steel: they have a mixed microstructure of austenite and ferrite, the aim
usually being to produce a 50/50 mix, although in commercial alloys the ratio may be 40/60.
Duplex stainless steels have roughly twice the strength compared to austenitic stainless steels and
also improved resistance to localized corrosion, particularly pitting, crevice corrosion and stress
corrosion cracking. They are characterized by high chromium (19-32%) and molybdenum (up to

5%) and lower nickel contents than austenitic stainless steels. The properties of duplex stainless
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steels are achieved with an overall lower alloy content than similar-performing super-austenitic
grades, making their use cost-effective for many applications. Duplex grades are characterized into

groups based on their alloy content and corrosion resistance.

5 - The precipitation-hardened steels (also called age hardening steels) are chromium and
nickel containing steels that provide an optimum combination of the properties of martensitic and
austenitic grades. Like martensitic grades, they are known for their ability to gain high strength
through heat treatment and they also have the corrosion resistance of austenitic stainless steels. The
high tensile strengths of precipitation hardening stainless steels come after a heat treatment process
that leads to precipitation hardening of a martensitic or austenitic matrix. Hardening is achieved
through the addition of one or more of the elements Copper, Aluminum, Titanium, Niobium, and

Molybdenum.

In the present study, two alloys are studied: the AISI 316L and the AISI 660 precipitation-
hardened stainless steels. The chemical composition and mechanical properties are detailed in the

following sections.
I. 2. The AISI 316L austenitic stainless steels

The AISI 316L austenitic stainless steel is widely used in applications requiring very high
corrosion resistance or good elevated temperature strength. Its crystallographic structure is face
centered cubic (fcc). It should be noted that this steel could be called differently depending on the
designation system: 1.4404 (numerical designation), X2CrNiMo17-12-2 (NF EN 10088-3). In the
present work, the designation “AISI 316L” will be used.

Two grades of this steel are treated: a “standard” AISI316L grade, commonly used in the
industrial domain, and the AISI316LS an austenitic stainless steel re-sulfurized to a tightly
controlled level, in order to provide to the alloy an excellent machinability while retaining a good
corrosion resistance. This grade was chosen in the treatment by HCPEB (described in Chapter I)
essentially to form higher density of craters before the Plasma Nitriding. The chemical

compositions of the two treated grades of AISI 316L are given in Table II. 1.

wt. %

Fe C Mn Si S P Cr Ni Mo Cu Co N
62.724 0.017 1.790 0.380 0,002 0.019 17.430 14.700 2.740 0.160 0.040
(a)
wt. %

Fe C Mn Si S P Cr Ni Mo Cu Co N
68.184 0.020 1.520 0.524 0.028 0.027 16.700 10.140 2.080 0.522 0.203 0.052
(b)

Table II. 1: Chemical composition of (a) the “standard” AISI 316L and (b) the AISI316LS stainless
steels.
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A notable difference in the Ni contents observed, where the AISI 316L more Ni (14.7 wt.%)
than the AISI316LS (10.14 wt.%). Actually, the normalized AISI 316L chemical composition is
given within a wide range (10.5 to 15 wt.%). In addition, the AISI 316LS higher cupper content,

which enhances the chemical resistance in the corrosive fields.

The mechanical properties of the AISI316L grades, given by the supplier company, are given
in Table II. 2.

Hardness Density Tensile strength Yield strength Young's
[HV] [g.cm?] [MPa] Rpo.2 modulus
[MPa] [MPa]
AISI316L 200 7.9 604 331 205
AISI316LS 200 7.9 539 447 206

Table II. 2: The mechanical properties of the two AISI316LSS grades

Prior to all the treatments, the samples are polished mechanically until diamond paste (1 um)

then chemically using Oxide Polishing Suspension (OP-S).

As observed in Fig. II. 1, the initial microstructure of the AISI316L is composed of large
austenitic grains with thermal twins. The initial AISI316LS microstructure (Fig. II. 2) presents quite
similar morphology, with the presence of Manganese Sulphides (arrowed). A notable difference
between these AIS 316L grades can also be seen. Actually, the density Sigma 3 twins ((111)<60°>)
-presented in in red lines- is higher in the case of the AISI 316LS.
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15kV X200 100pm 12 66 BEC

Sigma 3 twin boundaries (111) <60°>

Fig. II. 1: SEM image of the AISI 316L initial microstructure and the distribution
of the Sigma-3 boundaries (thermal twins).

15kV X200 13 66 BEC

Sigma 3 twin boundaries (111) <60°>

Fig. II. 2: SEM image of the AISI316LS initial microstructure and the
distribution of the Sigma-3 boundaries (thermal twins).
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L. 3.

The AISI 660 precipitation hardening stainless steel

In general, the material can be hardened primarily by cold working or quenching and

tempering. The stainless steels can also be hardened in a similar way, but an additional

strengthening technique exists and called “precipitation hardening” or “age hardening”. The

strengthening process in this case performed in the following three steps (Muraca and Whittick

1972):

1-

Solution treatment: all the precipitates and alloying elements are dissolved (or go into a
supersaturated solution) in a relatively high temperature around 600 °C for most of
stainless steels.

Quenching or cooling: Once the alloy is brought into solution, it is cooled to room
temperature. The cooling can be carried out in air, water or oil, but must be done fast
enough to obtain a supersaturated solid solution. The material properties can then be
improved by creating a finer grain size.

Precipitation (or age hardening): The obtained supersaturated solid solution decomposes
with temperature or time as the alloying elements form small precipitates clusters. These
precipitates are in form of intermetallic phases (such as NizAl, Ni3Ti, NizCu). The
formation of these clusters acts to significantly strengthen the material. However,
prolonged aging causes the coarsening of these intermetallic phases, which can declines

the strength, due to the fact that dislocations can bypass coarse intermetallic phases.

In the case of stainless steels, the precipitation-hardening alloys are iron-nickel-chromium

alloys, which contain one or more precipitation hardening elements such as titanium, aluminum,

niobium, copper and molybdenum. These steels have two main characteristics: high strength and

high corrosion resistance, comparable to the standard AISI 304L and 316L austenitic alloys.

There are three types of precipitation-hardening stainless steels (depending on the martensite

start and martensite finish temperatures (M; and My) as well as the as-quenched microstructure):

Martensitic precipitation-hardening stainless steels,
Semi-austenitic precipitation-hardening stainless steels,

Austenitic precipitation-hardening stainless steels.

The present work focuses on the last type, and especially the called AISI 660 alloy, which

can be found in the literature under the following designations: 1.4980 or A286. This non-magnetic

iron-based alloy combines high strength (obtained through solution heat treating and age hardening)

and good corrosion resistance for use at temperatures up to 700 °C. It is widely used in the offshore
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oil and gas industry where the components are subject to high levels of stress and temperature. The

chemical composition and mechanical properties oft his alloy is given in Table II. 3.

Fe (9 Mn Si Ti S P
Balance <0.08 <2 <1 1.9-235 <0.025 <0.025

Cr Ni Mo Cu Vv Al B
13.5-16 24-27 1-15 <05 0.1-0.5 <0.35 0.003-0.008
(a)

R Re A Hardness
[MPa] [MPa] [%] [HV]
AlISI660 960-1200 2> 660 =16 2> 290-360
(b)

Table II. 3: (a) The AISI 660 chemical composition (in wt. %), (b) the conventional mechanical
properties of the AISI 660 (“Properties of the AISI660 Stainless Steel”).

The initial microstructure of the AISI 660 is characterized by the presence of large austenitic
grains containing thermal twins, as well as the presence of precipitates as it can be observed in the

EBSD map given in Fig. II. 3.

20kV X200 100pm 09 66 BEC

Sigma 3 twin boundaries (111) <60°>

Fig. II. 3: SEM image of the AISI 660 initial microstructure and the distribution of
the Sigma-3 boundaries (thermal twins).
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II. The characterization techniques

Various techniques of characterization are employed to investigate the surface microstructure,
chemical composition as well as the stress state and hardness. These characterization techniques
include essentially a Scanning Electron Microscope (SEM) with a Field Emission Gun (FEG), type
Jeol-6500F; A Siemens D-5000 X-Ray Diffractometter and also a Glow Discharge-Optical
Emission Spectroscopy (GD-OES). The surface hardness is measured using a Vickers hardness
machine. The EBSD, GD-OES, residual stress measurement by XRD and hardness are described in

the following sections.

IL. 1. The Electron BackScattered Diffraction technique: orientations maps

and determination of the Geometrically Necessary Dislocation (GND)
II. 1. 1.  Principle of the technique

A scanning Electron Microscope (SEM) is a type of electron microscopes that images the
materials surface by scanning it with a high-energy beam of electrons in a raster scan pattern. The
SEMs have also an Electron BackScattered Diffraction (EBSD) system that allows combined
SEM/EBSD mapping in order to compare the observed microstructure and crystallographic

information.

EBSD provides, through the crystal orientation information, the texture measurements, the
identification of the different phases present in a material, boundary characterization, and
misorientations due to plastic deformation. The development of EBSD can be dated back to 1928,
in which year the electron diffraction by mica was first recorded by Kikuchi (Kikuchi 1928). The
electron diffraction pattern contains some intersected paralleled line pairs, which were later named
Kikuchi bands in honor of Kikuchi. Two years after the presence of the first commercially available
SEM, Coates observed pseudo-Kikuchi bands in SEM (Coates 1967). Later in the 1970’s, Venables
et al. (Venables and Binjaya 1977) advanced the concept of electron backscattered patterns (EBSP),
even though the electron backscattered diffraction map was called backscattered Kikuchi map for a
long period of time. From 1982 to 1984, the computer-aided indexing of EBSD patterns received
much development. In 1991, the Hough transform implement the automated recognition and
indexing of EBSD patterns, which has played a critical role for the further development of the
EBSD technique. The first commercial EBSD system was available in 1994, named “Orientation
Imaging Microscope (OIM™)” or “Automated Crystal Orientation Mapping (ACOM)”. In the
following years EBSD has become a well-established technique for the SEM, and has gained wide

applications in many fields.

65



Thermomechanical surface treatments of austenitic stainless steels and their effects on subsequent nitriding during
“Duplex” treatments

Electron
Cone of Beam
Intense Electrons
Diffracting
Kikuchi . Plane
Lines
Phosphor - . Ited
Screen Specimen

Fig. Il 4: Schematic of diffracting cones with respect to the reflecting plane, the specimen, and the
phosphor screen.

The generation of EBSD is a process in which electrons undergo various interactions with the
atoms in the crystal lattice and some of the electrons emerge from the sample during the irradiation
of electron beam acting on the sample. As illustrated in Fig. II. 4 (Schwarz, Kumar, and Adams
2000), if a fluorescent phosphor screen is placed close to the sample, a pattern of a serial of
intersected Kikuchi bands is formed on the screen because of Bragg diffraction. It is worth noting
that the angle in relation to the width of Kikuchi band equals to 260, where O stands the Bragg
angle. A typical EBSD pattern is shown in Fig. II. 5 (Schwarz, Kumar, and Adams 2000). In the
map, every Kikuchi band pattern corresponds to a specific crystal plane, and the point where
Kikuchi bands intersected indicates a zone axis. In order to get clear Kikuchi band contrasts, the

sample is usually tilted 70°.

Fig. II. 5: Example of the formed backscatter Kikuchi patterns.
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1I. 1. 2. The Geometrically Necessary Dislocation: Calculation using the EBSD data

The use of EBSD technique is for obtaining crystallographic information from samples in the
scanning electron microscope. In general, the use of EBSD and automated imaging of crystal
orientation can definitively reveal the sample microstructure including grain size, distribution of
grain boundary misorientations and special boundaries and their specific locations in the sample. It
also gives local misorientations at individual points in a regular grid on a planar surface of the

material, as shown in Fig. II. 6 (Schwarz, Kumar, and Adams 2000).

Fig. Il 6: Sketch of the sample coordinate system used for Electron BackScattered Diffraction (EBSD).
The local misorientations are calculated at each of the grey points.

Using the differences in orientation between neighboring points, the lattice curvature and (if

elastic stresses are not considered) the dislocation density tensor can be calculated. These
dislocations are line defects, which cause crystal distortion, described by line vector [t indicating

the direction, a Burger vector ﬁ, which indicates the displacement and also a position vector xt,
Nye introduced the local dislocation tensor (Nye 1953), which describes all the dislocations present,

using the following equations (Pantleon 2008):

a; = N bl 8 (x —xb)  Eq L1

aBe
As shown by Kroner et al. (Kroner 1980), its components (@, = — € % ) are determined
l

entirely by the elastic distortion tensor ﬁiejl = siejl + w;;, which is the sum of the elastic strain

ij»

tensor eiejl and the lattice rotation tensor w;;:

wij = — eiijk Eq 1 2
. . . . . w ii .
The later is given using the lattice rotation vector 6 = — €;; % Introducing curvature tensor:
20;
K= —=:0;; Eq. 1L 3
ij ox; ij
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the dislocation density tensor becomes (Kroner, 1981; Kroner, 1955)

el
— €ij
Aix = Kgi — Skikmm - eklj 9%, Eq 1 4

This equation shows that dislocations are related with the heterogeneous lattice rotations. When the
el

elastic strains are assumed absent (ef} = 0), Eq. IL 4a;, = Kii — Skikmm — €xij axl;

simplifies

to Nye's relations between the dislocation density tensor and the crystalline lattice curvature
Ui = Kii — Opikmm Eq.1I. 5

1
Kii = Qile — 5 Okilnm Eq. 1I. 6

In addition, a crystalline lattice orientation is defined by the necessary rotation to achieve the
particular orientation from a chosen reference orientation. This rotation was described by the Bunge
orientation matrix (more details in (Bunge 1982)). An orientation difference between two
orientations in analogously defined by the rotation required to obtain orientation (B) from another
(A), described by a disorientation angle AO and rotation axis 7. Then, the disorientation vector

AB; = AB,; in the sample coordinates can also be calculated from the disorientation matrix

(Ag = (94)"'9gp), as

A6

46, = - ekijA‘gij 2sin 46

Eq. 1L 7

with 40 = arc cos(4g;; — 1) /2.

From the disorientation between two neighboring points separated spatially by AX, the lattice

curvatures

00y _ ABy,

o Eq. 1. 8

Ky =

in sample coordinates are easily depicted when the orientation data are issued from a square grid
aligned with the sample coordinate system, as shown in Fig. II. 6. However, as the orientations
maps are determined only in the sample plane (along x; and x,), only six components of the

curvature tensor can obtained (k;;and k;,, withi=1, 2, 3).

From these six accessible curvature components, five components of the dislocation density

tensor can be derived:

U1 = Kzq 23 = K3
13 = K3zq U33 = —Kqi1 — Ky Eq. 11.9
01 = K12

. . 2D
From these equations, a truncated scalar value of 0, can be calculated; we call it ,OSWD ):

pcz;gD = 0(12 + a13 + 0(21 + a23 + a33 Eq 1. 10
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In the present work, raw orientation maps (without noise reduction) were used to extract the
GND density according to the method proposed. In order to quantify the GND densities only within
the grains, the adjacent pixels across boundaries displaying a disorientation exceeding 5° were not
considered in the calculation. For the sake of visual clarity, only the band contrast was plotted for
densities smaller than 10% of the GNDs density maximum (see legend). It also should be noted that
the values of GND density are the average along each horizontal line parallel to the treated surface.
Actually, the purpose id to analyze the evolution of the GND density from the top treated surface

towards the material core.
1I. 1. 3.  The surface preparation

The first step in collecting EBSD data is preparing the specimen so that high quality Kikuchi

patterns are observed and obtained with the imaging system.

The near-incident energy backscattered electrons form the EBSD patterns. Backscattered
electrons that have experienced inelastic events inside the bulk of the specimen do not contribute to
the pattern. This fact, combined with the high tilt angle of the specimen (70°), results in a
diffraction region that forms within the extreme top surface of the specimen. The crystal lattice in
this region should be strain-free and clean from contamination or oxide layers for diffraction to
occur. If these conditions are not respected, the resulting EBSD patterns will be of poor quality or
will not be visible at all, as shown in the example below (Fig. II. 7) in the case of a duplex steel

(Singh Ubhi 2009).

’ . -
|\ austenite ;

B Wi b

(b)

Fig. II. 7: Examples of the evolution of EBSD patterns as function of the surface preparation of a
duplex steel: (a) after electro-polishing, (b) after 9um polishing.
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Proper specimen preparation will address these issues and help in obtaining reliable Kikuchi
patterns. All the samples are then mechanically polished then finished with Oxide Polishing

Suspensions (OPS from the company Struers) to remove the top surface deformed layer.

II. 2. Residual stress measurement by X-Ray Diffraction
1I. 2. 1.  Generalities about the residual stress

Residual stresses are self-equilibrating stresses within materials and they are the result of
elastic and/or plastic deformation non-homogeneously distributed over the volume. Effectively it
means that the resulting force and the resulting moment produced by them are zero. The total stress
in externally loaded parts containing residual stresses, will always equal the sum of the residual
stresses and the loading stresses (Macherauch 1987). Residual stresses are traditionally classified as

residual stresses of the 1st, 2nd and 3rd kind (Fig. II. 8).

RS

RS 111
i\

a

grain boundary

Fig. II. 8: Total residual stress distribution along several grains of a polycrystal and their separation in
1st, 2nd and 3rd residual stresses.

According to Macherauch et al (Macherauch 1987) the different kinds of stresses are defined

as:

1. Residual stresses of the 1* kind are nearly homogeneous across large areas i.e. several
grains and they are in equilibrium over the bulk of the material. A change in the
equilibrium of forces and moments of a volume containing 1st kind of residual stresses will
cause a change in its dimensions.

2. Residual stresses of the 2™ kind are nearly homogeneous across microscopic areas i.e. one

grain or parts of a grain and are equilibrated across a sufficient number of grains.
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Macroscopic changes of the dimensions of a volume comprising 2nd kind residual stresses
may only occur if distinct disturbances of this equilibrium will happen.

3. Residual stresses of the 3™ kind are inhomogeneous across submicroscopic areas, i.c.
some atomic distances within a grain and are equilibrated across small parts of a grain. No
macroscopic changes of the dimensions of the stressed material will happen if this

equilibrium is disturbed.

The different kinds of stresses are commonly divided into macro residual stresses and micro
residual stresses. Macro residual stresses are residual stresses of the 1% kind and micro residual

stresses are generally regarded as combinations of residual stresses of the 2™ and 3™ kind.
The total (local) residual stress is given by:

GRS — GRSI 4 GRSI L RS Eq. 1L 11

Residual stresses may be advantageous for many technical purposes, e.g. for increasing the
fatigue strength of a material. However, the opposite may also apply; residual stresses can have
detrimental effects. Consequently, it is very important to have knowledge of the amount and sign of

the residual stresses and the stress distribution within a material.

II. 2. 2. Residual stress measurement by X-Ray diffraction

The measurement of stresses with X-ray diffraction is founded in the elasticity theory. The

definitions and notations of the stress component are defined as in the figure hereafter:

X 3
? 033

L -
GIJ// Os2

031 1022
0; s 2
21 A X

ol

Fig. I1. 9: Definition of the stress components (Hauk 1997).

The stresses and strains can be written as tensors i.e. they both form symmetrical 2™ rank

tensors. They each have 9 components ;;, €;;, which in matrix form are written as (Hauk 1997):
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011 012 033 €11 €12 €13
0 = |021 Oz 023 E= €21 &2 &23

031 032 O33 €31 €32 E33

The symmetry o;; = o; and €;; = ;i dictate that only 6 of the 9 components are independent and
are sufficient to describe the stress and strain at a volume element in the material. It is possible to
transform the axes so that only normal stresses are present in the coordinate system (zeroes above
and below the matrix diagonal). Within this kind of system the normal stresses are known as
principal stresses. Normal stresses (same indices) are stresses that act along the normal of the plane
in consideration and will cause dimensional changes without changes in shape. Shear stresses are
stress components that act along the plane in consideration and will cause deformations due to
changes in shape. Shear stresses have mixed indices, where the first index indicates the direction

and the second index indicates the normal of the plane in which the stress acts.

Generally, two systems are considered i.e. the sample and the measurement systems, which are
described by a Cartesian coordinate system, thus designated the sample system (Si) and the

laboratory system (Li), respectively (the figure hereafter).

Fig. II. 10: Descriptions of the measurement direction and the sample and laboratory system (Hauk
1997).

Rotation and tilting of the sample relative to the coordinate system (S', S, S*) are described by
the azimuth angle ¢ and the pole angle v, respectively. S’ defines the sample normal and S' and S
are in the sample surface. Measurement is performed in the direction L°. Diffraction (information)
occurs from the lattice planes perpendicular to the scattering vector defined as the bisector (B) of
the incident and diffracted beam. The quantities actually measured are scattered intensity and the
scattering angle, 26°, which directly yield the lattice spacing. The strain follows from the measured

lattice spacing.
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The strain measured in the direction L’, 4,, can be expressed as a projection of the strain
tensor in the measurement direction (¢, ) within the sample system or as the €33 component in the
laboratory system. Accordingly, the strain in the measurement direction is given as (Hauk 1997):

Epyp = < €11 > cos? @ sin®* P +< g5 >* sin® @ sin® P +< £33 > cos*P +<
g1 >* sin2¢@ sin* P +< g3 >¥ cos @ sin 2y +< &,3 >* sin@sin 2y Eq. I 12

The < g1 >* are the average of the strain components taken over the contributing crystallites

considering the attenuation of the X-rays (see below).

vy =45°
y= 90°L l{\ ° H v i
(’1. | ‘ } \\’do d'o ~ A \\’db - d3 <*do —:
do d1 >>do
(a) (b)

&' datector

%ﬁ A
/fob" c
%.m C‘ N (©

Fig Il 11: Tilting in a direction defined by pole angle y. (a and b) Diffraction occurs from lattice
planes perpendicular to the bisector B. The measured strain (lattice spacing) is dependent on the angle of
the lattice planes in mention with the (applied) effective stress (Lu and Retraint 1998). (c) Diffraction occurs
from grains oriented with lattice planes perpendicular to the bisector B. The measured quantity is the
scattering angle 26°.

It is assumed that the & are homogeneous within the penetration depth of the X-ray and that

the material is elastically isotropic. Hooke’s law of isotropic materials, relating strain and stress, is
introduced (Hauk 1997):
ESij:(1+v)O'ij - Ual’j (0'11 + (oY) + 0-33) Eq 1. 13

where E is Young’s modulus, v is Poisson’s ratio and § is the Kronecker delta:

_(Lifi=j
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The relationship between &4, and ojj for an elastically isotropic body can now be established
(Hauk 1997):
oy ety 22 L2 2 2
o o 357 (o), cos” @sin” i + G, sin” @sin”~ Y + G,, oS~ i)

—0
= . o Eq. 115
+5 57 (0, sin2@sin” @ + 0,5 COs@SIn 2y + 0, sSin@sin 2y) + ST (0, + 0y +033)

where dy,, 1s the lattice plane spacing, d.=0 is the strain free lattice plane spacing, ¢ is the azimuth
angle, y is the pole angle between the normal to the reflecting plane (hkl) and the normal to the
specimen surface. The macroscopic elastic data is given by:

1+v m -V

. sm= 2 Eq.1I. 16

Using diffraction methods only a small part of all crystallites contributes to diffraction,
depending on the lattice plane under study. Only crystallites oriented perpendicular to the
measurement direction will diffract. The elastic behavior of the actually diffracting crystallites may
differ from the macroscopic one due to the elastic anisotropy of the crystals. In order to take the

elastic anisotropy into consideration it is necessary to replace the macroscopic elastic constants

%S;” and S{"* with {hkl}-dependent X-ray Elastic Constants (XEC) S;(hkl) and %Sz(hkl).

Finally, considering a biaxial stress state to simplify the general equation, assuming that the
stress components involving the surface normal direction (X3) are zero; the fundamental equation in

stress measurement by diffraction takes the form (Hauk 1997):

d,, —d,._ , : : -
Epy = *"--di‘] =38, (hkl)(o,, cos” @+ 0y, sin2¢ + 0, sing)sin” y + S, (hkl)(o,, +7,,) Eq. I 17
=0

The lattice spacing dg, is measured for each direction of the ¢ and y angles. In the case of the
present residual stress determination, the procedure was done for both the y and a phases using the
(220)y and (211)a planes for the AISI 316L stainless steel. The calculation of the residual stress is

based on the general Hook’s law:

E
1+v

(&ij + 1_1)21,' Tr(e)i;) Eq. I 18

gij =

Here, o;; is the stress component and g; the strain component. Two usual assumptions are used
for the stress analysis. First, the stress strain states are considered homogeneous in each phase for
the samples. This means that possible stress gradients in the very top surface layer are not
considered and that the measured residual stress values determined here for each phase are averaged

within the penetration depth of the X-ray beam.
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It should be noted also here that a Siemens D5000 diffractometer equipped with an Eulerian
cradle and a linear Position Sensitive Detector (PSD Braun) which is able to cover a domain of 12°
in 20. The Cr-Ka radiation was selected for the measurement in order to avoid the fluorescence
from the studied material. The maximum penetration depth of the X-ray beam using this radiation is

estimated to be about 5 pm.

The (average/isotropic) Young’s modulus E and the Poisson ratio y were used as elastic constants.
They were taken as E,= 210 GPa and v,= 0.28 for the o phase and E, = 180 GPa and v, = 0.28 for
the y-phase.

II. 3. The chemical composition analysis: The Glow Discharge — Optical

Emission Spectrometry (GD-OES)

GD-OES is known since 1967 when Grimm published the first results from hisanalytical
source(Grimm 1967). Starting from that time the interest in Grimm’s source incombination with
optical emission spectrometry has steadily grown. Nowadays GD-OES is employed for the analysis
of steels and steel surfaces, other metallic coatingsand metals, PVD/CVD coatings, semiconductors,

polymers, ceramics.

The principle of GD-OES is shown in Fig. II. 12. The principle is the following: atoms of the
sample are sputtered, ionized, excited and emit characteristic light in the GD plasma (discharge gas
- Ar); this characteristic light is detected by an optical spectrometer. The detectors can be either

PMTs or CCD arrays mounted into a Rowland-circle or in combination with a monochromator.
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Fig. II. 12: Schematic illustration of the GD-OES principle.

GD-OES is suitable for the analysis of nearly all elements (including the light elements H, C,
N, O) in films of 1 nm up to more than several mm thickness. The depth resolution of the method is
about 5 % of the sputtered depth, but higher than the ultimate depth resolution (3 nm). However it
should be mentioned that to reach the best depth resolution, the shape of the sputtered crater should
be optimized (by varying the discharge parameters, in the simplest case - voltage, current and
pressure). In addition GD-OES is characterized by a high sensitivity (detection limit 0,1-10 ng/g)

and high dynamic range (pg/g up to main components).

In the present study, the GD-OES system is HORIBA Jobin Yvon, type RF1000. It is used to

quantify the evolution of the chemical composition from the top surface towards the material core.

I1. 4. The surface hardness measurements

The hardness is a measure of how resistant solid matter is to various kinds of permanent shape
change when a force is applied. Among the techniques used for the characterization of this property,
the indentation hardness is widely used and known. It allows to measure the resistance of a sample
to material deformation due to a constant compression load from a sharp object. They are primarily

used in engineering and metallurgy fields.

As the different surface treatments studied in the present work affect directly the material

hardness, this section describes the technique used to investigate the hardness evolution. The
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Vickers hardness test method is used. It consists of indenting the test material with a diamond
indenter, in the form of a right pyramid with a square base and an angle of 136 degrees between
opposite faces subjected to a load of 1 to 100 kgf (Fig. II. 13). The full load is normally applied for
10 to 15 seconds. Under each load, in order to obtain a relevant statistic, the hardness value
indicated corresponds to the measurement of at least of 10 different hardness tests (NF EN ISO
4507:2007-11-01, 2007-11-01).

1R

o
y
I\ 4
Fig. II. 13: Description of the Vickers hardness principle.

This technique allows the determination of hardness profiles on the cross section, i.e. the
hardness evolution from the top surface to the material core. In addition, as the zones of interests
after duplex treatments are very thin (~3 pm), indentation loads in the range of 10 to 500 gf are
applied to the material surface. As the indentation load increases, the contributing material volume
increases too. In consequence, in the case of the nitrided surface for example, the effect of the
nitrided layer can be observed as the load increases. To observe more clearly the evolution of the
surface hardness, the indentation depth is used instead of the indentation load. Actually, the
indentation depth (noted h) can be expressed using geometrically relationship as function of the
diagonal “d”:

V2

h= ” d.cot 68° ~

Eq. 1L 19

N
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Chapter I11

Investigation of the Surface Mechanical Attrition Treatment
(SMAT) effects on the microstructure and contamination of

the AISI 316L and AISI 660 stainless steels surfaces

In this chapter, the AISI 316L and AISI 660 austenitic stainless steels are subjected to the Surface
Mechanical Attrition Treatment (SMAT) using different treatment parameters (duration of the
treatment, amplitude of vibrations, nature of the impacting balls) in order to determine

quantitatively their general effects on the deformation induced microstructure modifications.

The first part of this chapter summarizes the SMAT processing parameters used for treating the two
steels. These processing conditions will be used in the second and third part of this chapter to
quantitatively characterize the effectiveness of the plastic deformation to modify the microstructure

and also to investigate the pollution associate with the treatment.

The second part presents the mechanical effects of the SMAT parameters on the microstructure of
the AISI 316L and the AISI 600 stainless steels. Firstly, the AISI 316L microstructure is analyzed
using Scanning Electron Microscopy (SEM) coupled with Electron BackScattered Diffraction
(EBSD). The EBSD data are then used to develop a new technique to quantitatively describe the
induced plastic deformation. The procedure is firstly developed and tested on the AISI 316L treated
under different SMAT parameters for validation. It is then applied to the case of the AISI 660
treated under wider range of amplitudes and treatment durations as well as different natures of balls.

The influence of these parameters on the evolution of the microstructure is then discussed.

The last part of this chapter deals with the surface modification after SMAT in term of chemical
composition. The surface of the AISI 316L was firstly investigated by Transmission Electron
Microscopy (TEM) coupled with Energy-Dispersive X-ray spectroscopy (EDX). Surface
contamination by materials coming from the SMAT chamber parts is revealed. Further
investigations were then carried out on the surface of the AISI 660 using X-Ray Diffraction to
describe, quantitatively and using a non-destructive approach, the effect of processing parameters

on the nature and content of the surface pollution.
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Chapter III: Investigation of the Surface Mechanical Attrition Treatment (SMAT) effects on the microstructure and
contamination of the AISI 316L and AISI 660 stainless steels surfaces

I. The SMAT experimental conditions used for treating the AISI 316L and
AISI 660 SS surfaces

Two materials are chosen to be treated by SMAT: the AISI 316L and the AISI 660 stainless
steels. As the AISI 316L austenitic microstructure after SMAT has been investigated in previous
works (Roland et al. 2007; Roland et al. 2006), this will facilitate the development and
understanding of the new approach of plastic deformation quantification developed in this chapter.
On the other hand, the AISI 660 precipitation hardened, which is richer in Ni content than the AISI
316L, is more stable and has been treated for industrial applications of the AREVA Company. The

SMAT experimental conditions are given in this section.
I.1 The SMAT treatment and its parameters used for the AISI 316L

The specimens of AISI 316L were 25 mm diameter and 8 mm thick disks. Prior to the SMAT,
the samples were mechanically polished to mirror-finish (OPs suspension). The chemical
composition and mechanical properties of the material are given in the previous chapter. Fig. IIL. 1
is an image showing the typical surface morphology after SMAT. The material flows at the edge of

the sample under the severe plastic deformation during SMAT.

Treated surface |

Fig Il 1: Close up view of the AISI 316L treated samples.

The SMAT was performed by SONATS company under argon atmosphere (to avoid
oxidation), using intercrossed variations of different parameters: the treatment duration (3 and 20
min), the amplitude of the sonotrode vibration (60 and 80 pum), and balls nature (100Cr6 and
Zirshot balls); the other conditions remain similar. All the experimental conditions are given in

Table III. 1
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Balls SMAT conditions
. AT Treatment | Vibrating Distance Designation in
.. Nat | Diameter . of . Sonotrode th Kk
Condition Weight (g) o duration | frequency € wor’
ure (mm) vibration (i) (kHz) — sample
(um) (mm)

1 7.6 60 3 D1A60T3.00
2 100Cr6 7.6 60 20 D1A60T20.00
3 steel | 7.6 80 3 20 30 D1A80T3.00
4 7.6 80 20 D1A80T20.00
5 Zirshot 5.9 60 3 D1A60T3.00Z
6 5.9 60 20 D1A60T20.00Z

Table Ill. 1: SMAT parameters used for treating the AISI 316L stainless steel.

1.2 The SMAT treatment and its parameters for the AISI 660

The rectangular shape of the AISI 660 samples - an example of which is shown in Fig. III. 2-
has been chosen by AREVA. SEM observations and EBSD analysis were carried out in the arrowed
zone on the right side of the sample (20 mm from the boundary); while XRD and chemical
composition measurements were carried out at the zone in the symmetric part of the sample (see
Fig. III. 2a). It is also interesting to note in the enlargement given in Fig. III. 2b that the same
phenomenon of the plastic flow already observed in the case of the AISI 316L is present at the edge
of the AISI 660 samples.

XRD measurements SEM + EBSD observations

Plasti

(@) (b)

Fig Il 2: Close up view of the (a) the AISI660 surface and (b) the plastic flow observed at the
edge of the sample after SMAT.

The SMAT parameters used for treating the AISI 660 are given in table 2. The samples were
treated using intercrossed variations of more parameters in comparison with the AISI 316L: the
balls diameter (1 and 2 mm), the amplitude of the sonotrode (30, 50 and 80 um) and the covering
ratio (100, 3000 and 10000 %). It should be noted that the covering ratio is used here instead of the
treatment duration previously used for the AISI 316L. In fact, the covering ratio is a qualitative
parameter determined by the operator. A covering ratio of 100% is reached when the operator
estimates that at least one impact has been done at each zone of the surface. The time corresponding

to a covering ratio of 100% is measured and used to obtain higher covering ratios. For example, to
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obtain a covering ratio of 3000 % and 10000 % (the used rates in the present case), the measured

100% “covering ratio time” is multiplied by 30 and 100, respectively. All the parameters are

summarized in Table II1. 2.

Ball SMAT conditions
2 Brerrecior | Oy Am[:)l;tude Cove.ring Treatrpent Vibrating S]());S:tlrnocge Designation
eference | Nature S ratio duration | frequency
(mm) (2) vibration (%) (iti) (kHz) — sample
(um) (mm)
R40 30 0.50 D1A30T0.50
R41 50 100 0.33 D1AS50T0.33
R42 1 587 80 0.17 D1AS80TO0.17
R68 ' 30 15.00 D1A30T15.00
R43 50 3000 10.00 D1AS50T10.00
R44 80 5.00 D1AS80T5.00
R1 100Cr6 30 0.66 D2A30T0.66
R2 stecl 50 100 0.50 20 30 D2AS50T0.50
R3 80 0.25 D2A80T0.25
R7 30 20.00 D2A30T20.00
RS 2 11.7 50 3000 15.00 D2AS50T15.00
R9 80 7.50 D2A80T7.50
R10 30 67.00 D2A30T67.00
RI11 50 10000 50.00 D2AS50T50.00
R12 80 25.00 D2A80T25.00

Table Ill. 2: Summary of the different SMAT parameters used for treating the surface of the AISI 660
stainless steel.

To ease the citation of the different treated samples, a designation has been adapted to

recognize the treatment conditions directly as follows:

DIAITI

Di t
rameter Amplitude

D: the balls diameter (mm)
A: the vibration amplitude (um)

T: the treatment duration (min)

Z is added when balls used are in Zirshot.

Time

—>Zirsh0t balls
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II. Quantitative analysis of the mechanical effects of the SMAT on the induced

microstructure modifications

The microstructure of the AISI 316L, subjected to SMAT under the conditions given in the
previous section, is detailed hereafter by EBSD analysis. Using these analyses, a new method to
quantitatively describe the induced plastic deformation is given and tested firstly on the case of the
316L. The procedure is then applied in the case of the AISI 660 treated by SMAT using larger

range of processing parameters.
II. 1 Limitations and strength of the new approach and the GND calculation procedure

It should be noted that the developed procedure still has some limitations. Firstly, the
calculated Geometrically Necessary Dislocation (GND) density depends on the acquisition of the
EBSD data. In fact, it has been established by Jiang et al (Jiang, Britton, and Wilkinson 2013) that
increasing the step size results in lowering the recorded GND density. In addition, depending on
SMAT conditions, the roughness of the surface can be very important. During the analysis of the

cross section, it is difficult to determinate of the exact location of the extreme surface.

Despite that, this new approach allows to quantitatively describe the induced plastic
deformation after SMAT (and after severe plastic deformation in general). It gives a first approach
to the study of the effect of the different SMAT parameters on the evolution of the induced
microstructure. It also presents an advantage in term of the limitation of the experimental
characterization analysis duration. Many pieces of information about the microstructure and the
plastic deformation levels and witness marks can be revealed within a relatively short time, in
comparison with other techniques, such as TEM observations, where in addition to the limited

analyzed zone, the sample preparations require a more significant delay.

II. 2 Development of a new approach for rapid quantification of microstructure

modifications induced by the SMAT

1I. 2. 1 Surface and in-depth microstructure investigation:

The changes in the surface morphology and in-depth microstructure after SMAT are shown in
Fig. III. 3. Using Secondary Electron Imaging (SEI), the top treated surface morphology is given in
Fig. III. 3a. The treated surface is very rough after the repeated impacts of the balls. Some ‘dark’
zones (arrows in black in Fig. III. 3a) are also observed at some regions of the surface. The
roughness of the surface was not studied in the present work, which focuses more on the

microstructure modification within the material. Fig. IIl. 3b gives an example of the microstructure
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morphology after SMAT with 100Cr6 balls under amplitude of 60 um for 20 minutes. The cross
section observations reveal the induced plastic deformation signs as well as the whole affected zone
of the material. The initial austenitic grains are not visible anymore at the top surface after SMAT
and the microstructure was gradually refined within a depth of more than 100 pm. In addition, at the
extreme top surface, a ‘dark’ layer and zones similar to the ones observed at the top surface are
visible. In the next part of this chapter, chemical composition analysis will show that these zones

are essentially contaminated by the Sonotrode elements (Ti, Al and V elements).

As observed in Fig. III. 3b, the material was gradually refined from the top surface towards the
depth. However, it is impossible at this state to depict precisely the deformation mechanisms. As
SEM observations are not sufficient to gain more information about the induced deformation
mechanisms and to determine precisely the affected zone thicknesses, EBSD measurements were

carried out.

150KV X500  10gm WD 10.0mm

Fig. IIl. 3: Typical surface (a) and cross section (b) microstructure morphology of the AISI 316L
stainless steel SMAT-ed sample (100Cr6 balls — 60 um of amplitude for 20 minutes)

EBSD measurements with a very low step size were firstly then used (as shown in Fig. III. 4)
to determinate as precise as possible the resulting microstructure and to analyze the deformation
mechanisms. Fig. III. 4a gives a typical Band Contrast (BC) and Inverse Pole Figure (IPF) maps of
the cross section of the 316L stainless steel after SMAT, recorded using a step size of 30 nm in the
area of high strain regime below the surface. These maps are raw (not corrected) in which the black
areas correspond to heavily strained regions, giving rise to blurred or overlapped Kikuchi patterns
that could not be indexed. As shown in Fig. IIl. 4a, at the top of the images (near the top treated
surface), the EBSD technique was not able to resolve the structure of a layer having a thickness of
about 4 pm below the surface. Indeed, this area corresponds to the heavily deformed microstructure

containing nanograins or domains having sizes as low as 20 nm (Roland et al. 2006; Roland et al.
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2007) and, as a consequence, the indexing ratio at different distances from the surface in this area is

very low.

Surface

SMAT

direction

Ultrafine grains
(Zone )

o
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Fig Il 4: (a) Typical example of EBSD maps of the cross section obtained after SMAT with a very fine step
size (30 nm). (b): Close loop of the outlined zone in red in Fig. Ill.4a.

Fig. III. 4b is an enlargement of the outlined red zone that shows that in this extreme surface
layer, only few points were indexed (arrowed). As the distance from the surface increases, the
indexing rate increases and the EBSD technique starts recording fine domains that clearly originate
from grain and subgrain divisions. Most of these domains are highly misoriented. At a distance of
about 6 um from the surface (top of Fig. IIl. 4b), most of these domains still have a largely sub-

micrometric size. As the distance from the surface further increases and the local strain decreases, it
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becomes easier to depict the presence of deformation twins (arrowed in the IPF map in Fig. III. 4a),

as reported by Roland et al. (Roland et al. 2006; Roland et al. 2007).
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Fig. IIl. 5: (a) The Sigma 3 twin boundaries (111) <60°> map (red lines) and the evolution of misorientation (b) in
the subsurface and (c) at the top surface.

Fig. II. 5 give more information concerning the misorientation degree within the
microstructure in the same area. In the Band Contrast map in Fig. III. 5a are drawn red lines
corresponding to the Sigma-3 ((111) <60°+ 2>) twin boundaries. Consistently with the result of
Roland et al (Roland et al. 2006; Roland et al. 2007), a high density of deformation twins is
observed. It is also clear that, even if the BC map is revealing long and thin deformation twins, the
exact (111) <60°> twin boundary misorientation is generally not maintained over long distances. As
suggested by the variation of shades of colors in the IPF map in Fig. III. 4a, this is due to the
accumulation of dislocations along the twin boundaries that creates a local misorientation gradient.
For illustration, Fig. III. 5b and ¢ present the local accumulated misorientation relative to the first
point following the two white arrows. In Fig. III. 5b, a high number of Sigma-3 twin boundaries is
detected and misorientation of about 10° can be depicted in the matrix between the twin boundaries.
In Fig. III. 5c, closer to the surface where the level of strain sustained by the material is higher, in
addition to a fewer number of Sigma-3 boundaries, broader and higher levels of accumulated

misorientations are observed.
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Clearly, this kind of high resolution EBSD map authorizes to depict the main features revealed
by TEM concerning the grain refinement and associated deformation mechanisms(Lu, Liu, and Liu
2004). However, even if the analysis is much faster than a detailed TEM analysis, the drawback of
such high-resolution map is the necessary limitation of the covered surface if one wants to keep a
reasonable duration of analysis (here, for this small map, about 8 hours). Also, the statistical
relevance of the observed phenomena may be questioned because the analyzed length on the surface
remains of the order of the initial grain size (20 to 30 pm) and the depth of analysis is still restricted
to about 40 um, much below the depth of the area affected by the plasticity which may reach
200pm(Roland et al. 2007; Zhu et al. 2004).Therefore, other procedure, always using EBSD data,
will be applied in order to quantitatively describe the plastic deformation imparted to the material,
and in consequence the effect of the different processing parameters. In particular, it is important to
be able to determine the thickness of the 3 different zones usually depicted in SMAT-ed samples: (i)
the so-called nano-crystalline domain, or more currently for metallurgists the domain of UltraFine
Grains (UFG) having largely sub-micrometric sizes, that correspond to the ultimate stage of grain
refinement under heavy deformation, (ii) the transition zone where the initial micrometric grains are
fragmented under heavy deformation and (iii) the deformed zone where the initial grains are simply

plastically deformed.

It appears that it is possible to extract from EBSD maps important information on the plastic
deformation induced by SMAT. It is then important to analyze differently the orientation maps
obtained from EBSD measurements to get a quantitative description of the level of plastic
deformation imparted to the sample and, in consequence, determine the effect of the processing

parameters.

11. 2. 2 Exploitation of the EBSD data in the development of a new method of

quantification of the induced plastic deformation

This section describes how to use data obtained from EBSD to depict, more rapidly and in a
quantitative way, the overall mesoscopic plastic strain gradients generated at the material
subsurface by the SMAT treatment. In his pioneer paper on non-homogeneous deformation, Ashby
has introduced the distinction between statistically stored dislocations and Geometrically Necessary
Dislocations (GND) (Ashby 1970). More details about the GND are given in the “Materials and
experiments techniques” chapter. The GND accommodate the incompatibility of the elastic/plastic
distortion, which arises only in the non-homogeneously deforming regions(Ashby 1970; Nye 1953;
Kroner 1980). Thus, while the statistically stored dislocations -which develop in homogeneous

deformation- have a predominant density at small strain, the amount of GND becomes more
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important at high strain and its local density is actually proportional to the rotational of the
elastic/plastic distortion(Nye 1953). Therefore, a good indicator of the plastic deformation imparted
by the SMAT can be the distribution of the GND density as a function of the distance from the top
treated surface. It is well established that the dislocation structure in a deformed material consists of
cells, sub-grains and/or walls, which accommodate the misorientation between dislocation-poor
areas. The quantification of the dislocation structure heterogeneity in deformed polycrystals by
EBSD is then possible (see for example (Field et al. 2012; Dillien et al. 2010; Beausir and
Fressengeas 2013)). As the strain imparted to the material increases, the size of these domains
decreases and the average misorientation between them increases. Consequently, as will be seen
hereafter, this evolution can be depicted for SMAT-ed sample by direct measurements of local
misorientation at different depth using low magnification EBSD maps and the associated
quantification of GND densities. However, at very high strain close to the surface, the ultimate
stage of the deformation process under SMAT is the transformation of these domains in ultrafine
grains having high angle grain boundaries within which dislocations are not stable anymore. In this
regime, the properties of the material are not any more GND-governed but more closely related to
the grain size (Hall-Petch effect). Thus, this switching between different types of microstructure
configurations requires other indicators for following the structure evolution in the vicinity of the
surface where the highest strains were imparted. In this case, for which the indexing rate by EBSD
decreases significantly, the apparent grain size will be used as the main criterion. The details of the
procedure for depicting quantitatively the microstructure evolution is given hereafter and illustrated

in Fig. III. 6 and Fig. II1. 7.

By omitting the elastic deformation, a part of GND density can be extracted from the
orientation maps (Pantleon 2008). In the present work, raw orientation maps (without noise
reduction) were used to extract the GND density according to the method proposed by Pantleon
(Pantleon 2008). In order to quantify the GND densities only within the grains, the adjacent pixels
across boundaries displaying a disorientation exceeding 5° were not considered in the calculation.
Five components of the GND tensor (o), known also as the Nye tensor, can be determined from the

2D mappings (Nye 1953; Pantleon 2008).

Fig. III. 6a gives a map of the entry-wise norm of GND density tensor recorded with a step size
of 200 nm. This step size is arbitrarily chosen to optimize the acquisition map duration (~ 8 hours).
Note that for the sake of visual clarity, only the band contrast was plotted for densities smaller than
10% of the GND density maximum (see legend). In Fig. III. 6b are given the corresponding in-
depth evolutions of GND density and indexation rate. It should be noted that the values of GND

density are the average along each horizontal line parallel to the treated surface. The low GND
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density observed at the top surface is not necessary due to the plastic deformation induced, but also

probably to the low indexation rate in this zone.

At the top of Fig. IIL. 6a, is present the top surface black layer for which the indexation rate is
nearly 0, as confirmed in Fig. III. 6b. In this last figure, it can be seen that below this layer, the
density of GND increases continuously to reach a maximum at about 50 um. At this maximum of
GND density, the indexation rate is now about 65 %; the remaining 35 % of non-indexed data
points are due to the high strain and grain subdivision mechanisms taking place, which still result in
blurred or overlapped Kikuchi patterns and appear as black dots in the map. The low GND level in
this low-indexed zone is then due to the very low size of grains. Actually, no dislocations can be
observed below a given critical grain size. As the depth increases further, the GND density starts
decreasing and reaches the initial level of the bulk material at approximately 180 um. The
indexation rate within this zone continues to increase and reaches a maximum of about 95 %. The
difficulty is thus to depict quantitatively using relevant and reliable criteria the thicknesses of the

different domains. For this, several criteria were selected and represented in Fig. II1. 7.

In Fig. III. 7a are plotted, as a function of the distance from the top surface towards the bulk,
the evolution of the average GND density (black dots), its derivative (solid blue line) and the
evolution of the apparent grain size (red dots) obtained by the line intercept method along
horizontal lines. The latter consists in placing horizontal lines (one line is placed on each pixel line
along Y) on the EBSD map and counting the number of times a new grain boundary is intercepted.
Using these three pieces of information, the thickness of the domains described before can be

determined quite precisely.
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Fig Il 6: (a) Map of GND density obtained from EBSD measurement (step size of 200 nm) in 316L stainless
steel after 20 minutes SMAT with 60um vibrating amplitude. For intensities less than 0.037 um™ (bottom
10%), the Band Contrast (BC) was plotted. (b) The corresponding evolution of the average GND density

(black dots) and the indexing rate (red dots) from the top surface.

93



Thermomechanical surface treatments of austenitic stainless steels and their effects on subsequent nitriding during
“Duplex” treatments

0.14 . . . . . . 0.008 -8
] M 0.007
0.12 -7
o 0.006 §
S 0 5 6
= 0.10 ke 00053 =
2 o ) =
k%) T Q 5o
“nd 0.004 N
& 0.08 - 18 | e
© 1 Y— =
) 00030 (4T
Z o o
O 0.06 - = =
o 00023 | , @
@) o [ @
o __ 2 -
Q 004" 0001F 2
< . q:) 2
0.000Q
0.02 4 ! . 1
5 -0.001
» Zone III - ]
0.00 — : : : : ——-0002 L0
0 50 100 150 200 250 300
—>I .
Zonel Distance from the top surface (um)
(a)
T T T T T T T 0.6
e . L 0.5
e b .
..‘.- o - : E
e ! 2
S : L 04 o
".. _-'.. ; | N
IR : >
L 1 c
e ! s
- ! ~03 o
. ! =
o i o
1 (48]
S A Lo2 &
: ! <
1
| R
i “Ultra-Fine Grain” zone thickness ': - 0.1
' (below 500 nm) i
! !
L T T T T T T T T T T T T
0 5 10 15 20 25 30 35 40
— Distance from the top surface (um)

Sub-200 nm zone

(b)

Fig. Ill. 7: (a) Evolution of the average GND density (black dots), its derivative (blue dots) and
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The thickness of the UFG layer (Zone I) can be characterized by a corresponding grain size
obtained by the line intercept method (red dots in Fig. IIl. 7a). In a fairly arbitrary way, two
equivalent grain sizes were selected here to characterize this domain: a “nano” range below 200 nm
and another having an ultrafine grain size below 500 nm. The 200 nm value was chosen because it
is the step size used for the acquisition of the EBSD maps. So, sub-200 nm zones cannot be
depicted by the EBSD analysis. These grain size ranges were fairly arbitrarily chosen because no
conventional size range of the nano-crystalline domains is properly defined and a wide range of
values are given in the literature. Using this criterion and Fig. III. 7b, which is an enlargement of the
apparent grain size evolution near the top surface, the thickness of this first “nano” zone below 200

nm is about 4 pm while the sub-500 nm domain reaches about 26.5 um.

The thickness of the “transition zone” (Zone II) can be depicted in Fig. III. 7a using the
derivative of the GND density evolution. The derivative nullifies when the GND density reaches the
highest level, which corresponds to the end of the transition zone. Thus, the transition zone stretches
approximately down to a depth of about 50 um. Using these criteria, the thickness of this transition
zone, where the grains are significantly fragmented by the heavy deformation but do not reach the

ultrafine grain range, is therefore about (50 — 26.5 um) 23.5 um.

Finally, going further within the depth of the material, the last characteristic zone — the
deformed zone - (Zone III) is characterized by a continuous decrease of the GND density. The
derivative curve in this zone is negative and nullifies when the GND density becomes low and
constant in the unaffected zone, at about 183 um. The thickness of this zone is then about (183-50
um) 133 um. In this zone, plastic deformation took place but the initial structure dominated by large
grains is still visible. The apparent grain size, revealed by the line intercepts method, changes in this
domain because of the formation of a few deformation twins and the presence of dislocations
creating possible misorientation superior to 5°. It is also important to recall here that, even if the
size of the grains in the initial material is about 20um, the apparent grain size for the base material
in Fig. III. 7a reaches a steady plateau at about 4.5 um because of the presence of annealing twins
that are counted as high angle boundaries in the automated analysis. The three so-obtained zones

and their thicknesses are indicated in Fig. III. 6a.

This developed technique can be considered fairly precise for the determination essentially of
the zones II and IIl. Actually, for the zone I, the thickness estimation is very sensible to the
determination of the sample edge. The SMAT induces very high deformation near the top surface,
leading to none of very low indexed zones. Another factor that should be considered is the surface
roughness after SMAT. The beginning of zone I can also be affected by the formation of an “edge
effect” during sample polishing for microscopic observations. Unfortunately, at this stage of this
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work, these parameters could not be taken in consideration. The estimation of the zone I thickness is

then done with the assumption that the layer is continuous and with no surface roughness.

Now that the procedure is developed, it will be tested on the AISI 316L treated under different
SMAT conditions.

I1. 3 Application of the quantification procedure: effected of the processing parameters

1I. 3. 1  Application to the AISI 316L

The AISI 316L is treated under the conditions given in table 1 (section I). As it is well
established that increasing the step size results in lowering the recorded GND density (Jiang,
Britton, and Wilkinson 2013), all samples were analyzed using exactly the same procedure and step
size for EBSD measurements (200 nm) in order to compare all the samples and to avoid the step
size effect between different maps. Fig. III. 8ashows the evolution of the GND density in six
samples of the 316L stainless steel for which the vibration amplitude and treatment duration were
varied, and to ease the comparison between the different samples, it also presents the different
estimated thickness of the different constitutional layers as well as the total affected zone (Fig. IIL.

8b).

A first striking feature revealed by this analysis is that the depth of the overall affected zones
depends very little on the tested processing conditions. Indeed, the two samples treated under 60 um
amplitude as well as the one processed under 80 um for the shortest time (3 min) have a rather close
affected depth around 180 pm. Only a long treatment of 20 min at the highest amplitude (80 um)
increases the overall depth by about 20% (220 pm). Comparatively, the differences in the
thicknesses of the UFG and transition zones are much more important and depend very much on the

processing conditions (Fig. III. 8b).

When using 100Cr6 balls, for the sample treated using the “softest” conditions (60 um of
vibration amplitude for 3 minutes), the so-called “Ultra-fine grain” domain corresponds to a 1.2 pm
layer of sub-200 nm grains followed by a thickness of about 6.1 pm of grains in the 200-500 nm
range. The thin size of the whole UFG layer (1.2+6.1=7.3 um) indicates that the deformation
imparted to the material leads to a limited fragmented layer. The subsequent transition zone has
indeed a thickness of about 20 um (19.7um), which leads to a total thickness of “fragmented” zone
of 27 um (7.3+19.7=27um) before reaching the so-called deformation zone.
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Fig. IIl. 8: Evolution of the average GND density from the top surface to the bulk for different SMAT conditions,
(b) Thickness evolution of the different layers depending of the SMAT conditions.

SMAT conditions
Type of the fzﬁfected 60 um — 3 min 60 um — 20 min 80 um — 3 min 80 um — 20 min
domain
Overall affected zone
(Zones I + II + III) 180 um 183 um 175 um 220 um
~—— /V
x1.2
x 1.8 x 2|7
R VL
Total fragmente zone
(Zones I + II) 27 um 50 um 33 um 89 um
— x 1.8
x1.2
36 x 29
=N ST
G s 7.3 um 26.5 um 19.4 um 56.5 um
(Zone I) ~— I
x2.7 ~—| x2.1 |

Table I1I. 3: Thickness (from the top surface) of the different formed layers after treatment of
the AISI 316L.

Increasing the vibration amplitude to 80 um for the same treating time of 3 min has a moderate

effect on increasing the depth of the total fragmented zone, which reaches only 33 pm
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(6.4+13+13.6=33 um). However, the higher vibration amplitude leads to a more advanced grain
refinement process close to the surface. This leads to a total “Ultra-fine grain” domain increased by
almost a factor of 3 (19.4 um versus 7.3 pm), and corresponding to a successive 6.4 pm + 13 um

thick layers of sub-200 nm and 200-500 nm grains, respectively.

When the treatment duration in increased from 3 to 20 minutes, the thicknesses of the UFG
domains are multiplied by a factor of about 3 or more while the overall fragmented domains
increase by factors of about 1.8 and 2.7, under vibration amplitudes of 60 and 80 um, respectively

All the details are summarizes in Table II1. 3.

To investigate the effect of the nature of the balls, the affected thicknesses of the samples
treated under only the amplitude of 60um for 3 and 20 minutes, and using the two types of balls
(100Cr6 and Zirshot), are given in Table III. 4. After 3 min of SMAT, the UFG thickness is
decreased by a factor of 2.7 when using balls of Zirshot, while the same zone thickness is increased

by a factor of 1.5 at higher treatment duration (20 min).

The thickness of the total fragmented zones is almost constant at low treatment duration (3min)
whatever the nature of the balls used. However, it is increased by a factor of 1.2 at high SMAT
duration (20 min) when balls in Zirshot are used. It should be noted that this increase is related to
the increase of UFG zones thickness, where the Zone II thickness remains similar when using

100Cr6 (50-26.5 =23.5 um) or Zirshot balls (62.5-39 = 23.5 pm).

The overall affected zone seems to be not sensible to the nature of balls used at low or high
SMAT duration. The decrease of the UFG zones thickness of the D1A60T3Z sample may be related

to the roughness of the surface or a low indexation rate in the extreme surface of this sample.

These results show that the developed procedure can be very interesting in the quantification of
the induced plastic deformation by SMAT, and to depict fairly precisely the different defined layers
thicknesses in the case of the AISI 316L. The procedure will be then applied to the AISI 660 treated

with wider range of SMAT parameters.
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Amplitude of 60 pm
3 min 20 min
Type of the affected 100Cr6 balls Zirshot 100Cr6 balls Zirshot
domain
Overall affected zone
(Zones I + 11 + ITI) 180 pm 175 pm 183 pm 185 pm
Total fragmented zone
(Zones 1 + 1) 27 uym 23.5 um 50 ugcnlh2 62.5 um
~
Ufzcinzcil;es 7.3 um 2 um 26.5 um 39 um
227 N> s N~
Table I1l. 4: Thickness (from the top surface) of the different formed layers after treatment of the AISI

316L.
1I. 3. 2 Application of the GND procedure to the AISI 660 stainless steel

The SMAT conditions are given in Table III. 2 (section I). The ASISI 660 is chosen because,
firstly, it is the subject of industrial research on materials treated by SMAT (AREVA), and also, it
is interesting to investigate the effect of SMAT on more stable and harder austenitic stainless steel

containing precipitates.

Fig. III. 9 are given typical Banc Contrast (BC) images and Inverse Pole Figure (IPF) maps
obtained on a cross section of the D2AS50T50 sample (in AISI 660). Here also the step size was kept
at 200 nm for the EBSD analysis. The cross section morphology is similar to the AISI 316L one in
the sense that three types of zones characterized by different microstructures is obtained. At the
extreme top surface, a ‘black’ layer with very low indexation rate is observed (the so-called “Zone
I’). Then, going further within the material, fragmented grains (Zone II) followed by deformed
grains (Zone III) within which the plastic deformation signs are visible (white arrows). The zones I,
II and III are represented in Fig. III. 9a only to indicate qualitatively the three characteristic layers

in the orientation map.
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Fig. IIl. 9:Typical (a) Banc Contrast and (b) IPF maps of the cross section obtained on after SMAT of the AISI 660
with a step size of 200 nm (D2A50T0.50).

Surface

I [ [ Tam
0 0.037 0074  0.148 0222 0296  0.370 um’

Fig. Ill. 10: Typical GND density map after the SMAT and close loop of examples precipitates region.
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Fig. III. 10 gives the corresponding GND map of the same sample (D2A50T50). As for the
previous presented GND maps, the BC is plotted for densities smaller than 10 % of the GND
density maximum. As for the AISI 316L, the top surface layer (black layer) presents low GND
densities, because of the low indexation rate (highly deformed zone). As the distance from the top
surface increases, the GND density increases and seems to reach the maximum at a depth of about
50 um, then decreases to reach the initial material level at approximately 200 um. It is also
interesting to note that high GND density is obtained near the precipitates (outlined ref zones in Fig
10), reaching higher values than the neighbor grains, as shown in the high magnification of the
outlined red zones in Fig. III. 10. This phenomenon was observed by Humphreys et al in previous
studies of the deformation of particle-containing alloys (F. J. Humphreys and Stewart 1972; F.
Humphreys and Kalu 1990; F. Humphreys and Ardakani 1994) where it has been shown that the
particles prevent a slip system, which is activated in the matrix, from occurring in a region adjacent

to the particle. In this adjacent region, high misorientations can be observed.

To gain more information about the evolution of GND density as function of the SMAT
parameters, the procedure developed in the previous section is applied to all the AISI 660 samples.
The evolutions of GND density as a function of the distance from the surface are given in Fig. IIL.
11 and the different thicknesses estimated from these curves (using the criteria defined at the
beginning of this chapter) are given in Fig. III. 12. The evolutions of the UFG (Zone I) and
transition (Zones II) as well as the deformed (Zone III) thicknesses are then depicted. It should be
noted that in this particular case (AISI 660), the derivative of the GND evolution curve in the
deformation zone is very sensitive to the perturbations (due to precipitates visible in Fig. III. 10),
the limit of the deformation zone can be under or overestimated using the derivative criterion. This

is why it is estimated simply by the linear fit of the initial material GND level.

From Fig. III. 11, the presented curves have almost the same form as the ones obtained on the
AISI 316L treated by SMAT in the previous sections, where the average GND density increases
continuously to reach a maximum, then decreases to reach the GND density level in bulk material.
A notable difference with the AISI 316L is the apparition of peaks at different locations on the
GND curve. These peaks are originated from the concentration of GND around the large

precipitates, as shown in Fig. III. 10b.
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Fig Il 11: In-depth evolution of the GND density for different amplitudes of vibrations, covering ratios
and balls diameter.
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Concerning the effect of the SMAT parameters on the zones thickness, Fig. III. 11a and ¢ give
the evolution of the GND density for the samples treated with balls of 1 mm diameter. At 100 % of
covering ratio (Fig. IIl. 11a), the three treated samples have GND density evolutions which are
quite similar near the top treated surface. However, a difference is observed in the deformed zone,
where GND density seems to be higher under 80 um and 50 um of vibration amplitude, and the
GND level of the initial material is reached at deeper depth than for the sample treated under 30
um. With higher covering ratio (Fig. III. 11c), no significant changes are observed when the
amplitude of vibration remains low (30 um), where the evolution of the profile is quite similar to
the samples treated under 100 % of covering ratio under the same amplitude. However, when the
amplitude increases from 50 to 80 um, the affected layer seems to be thicker. These results are
confirmed by the estimations of the different characterized zones, given in Fig. III. 12, where the
overall affected depth increases respectively with the amplitude of vibration for the two covering
ratios. In addition, the thicker thickness of the fragmented zone is obtained at longer treatment

duration (3000%).

For balls of 2 mm diameter, the evolutions of GND density for different covering ratios (100,
3000 and 10000 %) are given in Fig. III. 11b, d and e. At low covering ratio (100 %), the evolution
of the GND density under 30 and 50 um seems to be quite similar to the samples treated with balls
of 1 mm diameter (in Fig. III. 11a). When the vibration amplitude is increased to 80 um, the
maximum of GND density remains constant, but the affected depth is higher and reaches about 175

pum.

When the covering ratio is increased from 100 to 3000 %, the effect of the balls diameter is
more visible, as shown in Fig. III. 11d. Both the maximum GND density and corresponding depth

are increased when the amplitudes of vibration are 50 and 80 um.

Comparatively, increasing further the covering ratio (treatment duration) from 3000 to 10000
% has a direct effect on the position of the maximum of GND density, corresponding to the

fragmented zones (Zones I and II), while the overall affected zone thickness seems unchanged.

These evolutions are clearly confirmed in Fig. III. 12. Different information can be extracted
from this graph. On one hand, the effect of the vibration amplitude is visible under all the covering
ratios and for the two ball diameters. In fact, the overall affected thickness increases when the
vibration amplitude increases from 30 to 80 pm. It should be noted that under the covering ratios of
3000 and 10000 % (balls of 2 mm diameter), the thickness of the overall affected layer does not

increases significantly for amplitudes of vibration of 50 and 80 um.
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On the other hand, the ball diameter (when increasing from 1 to 2 mm) does not seem to have
an important effect on the zone thicknesses when the covering ratio is 100 %. Only an increase of

the deformed zone is observed under the amplitude of vibration of 80 pm.

At higher covering ratios (3000 and 10000 %), the effect of balls size is more visible. Indeed,
higher overall deformed zones are obtained under the whole range of amplitudes of vibration. It is
also important to note that almost similar overall deformed zones are obtained under the two
covering ratios of 3000 and 10000% for the amplitudes of vibrations of 50 and 80 um. However, it

is clearly observed that the thicknesses of the fragmented zones are higher at the covering ratio of

10000 %.
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Fig. IIl. 12: Thickness evolution of the different layers of the AISI 660 SS for balls diameters of 1 mm

To observe more clearly the effect of SMAT parameters, the evolutions of the different layers
thicknesses as function of the vibration amplitude and the covering ratio are given in Fig. . To ease
the comparison, the evolutions were fitted using a linear function, and the slope is noted on the
curves. Under the softest conditions (Fig. a), it is observed that only the deformed zone is
significantly affected by the increase of the vibration amplitude, where the thickness increased from
about 60 to 130 um. The UFG and transition zone thicknesses remain stable and in the same range
(below 5 pum). Using balls of 2 mm diameter (Fig. b) does not have an important effect on the
evolution of the UFG and fragmented zones thicknesses, which are quite similar to the ones

obtained with a lower diameter; while the overall affected depth increases from about 60
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tol70umwhen the amplitude increases from 30 to 50 pm. It should be reminded (as mentioned in
the material and experiments chapter) that the balls at the beginning of the experiment cover 50 %
of the sonotrode surface. Therefore, when the balls diameter is multiplied by 2, the balls number is
in fact divided by 4. As the covering ratio is determinate by the surface aspect, 100 % covering ratio

is reached after a slightly longer SMAT duration with larger balls.

Increasing the covering ratio from 100 to 3000 % (for balls of 1 mm diameter) results
essentially in the formation of a thicker transition zone, which increases from about 5 (under 30 pm
of vibration amplitude) to about 17 um (under 50 and 80 pm of vibration amplitudes) as shown in
Fig. c. In addition, the effect of balls size is more noticeable at 3000 % of covering ratio than at 100
%. As it can be observed in Fig. d, the transition and deformed layers thicknesses were increased

from about 5 to 42 um, and from 140 to 175 um, respectively.

When the covering ratio is further increased to 10000 %, the thickness of the sub-200 nm zone
is higher that under covering ratios of 100 and 3000 %, and remains stable at the different
amplitudes of vibration (30 to 50 pm). The 200-500 nm and transition zone thicknesses are
significantly increased within the range of the 30-80 um of vibration amplitude, from about 12 to 35
um, and from 22 to 32 pm, respectively. The deformed zone thickness remains almost constant
when the vibrations amplitude increases from 30 to 80 um, having a thickness of about 160 to 140

um, respectively.

To describe more in details the effect of the SMAT parameters on the deformed zone evolution,
Fig. I1I. 14gives the evolution of this zone thicknesses as function of the amplitude of vibration for
the samples treated with balls of 1 and 2 mm, and for covering ratios of 100, 3000 and 10000 %.
From this figure, when the covering ratio is 100 % (the black and red lines), the thickness of the
deformed layer is approximately the same when using balls of 1 or 2 mm diameter, except at the
highest amplitude of vibration, where the deformed layer thickness reaches about 170 um when
using balls of 2 mm diameter. This latter significantly increases under covering ratios of 3000 and
10000 % when balls of 2 mm are used. It can be considered that for these two samples the deformed

layer thickness is in the same range.
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Fig. IIl. 13: Thickness evolution of the three formed layers as function of the amplitudes of vibration for
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different covering ratios: (am) 100 %, (c, d) 3000%, and (e) 10000 %.

For the sample treated under 3000 % covering ratio (blue curve), the thickness increases from

about 140 to 170 um when the vibration amplitude increases from 30 to 80 um. When the treatment

duration is longer (covering ratio of 10000 %), the thickness of the deformed layer remains in the
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same range as under 3000 % of covering ratio, where it is about 160 pm for the vibration
amplitudes of 30 and 50 pm, and decreases slightly under the highest vibration amplitude (80 um).
A saturation effect in term of the induced-defects density seems to be present. It can be also shown

by the decrease of the curves slope (in Fig. 1. 14).
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Fig. Ill. 14: Evolutions of the deformed zones thicknesses as function of the amplitude of
vibration.

It is also clearly observed that the maximum of the average GND density depends on the
SMAT parameters. This is illustrated in Fig. III. 15. This figure shows that, whatever the amplitude
of vibration, the maximum of the GND density (calculated along each X-line) is constant for the
samples treated with balls of 1 mm reaching about 0.08 um™'. When using the 2 mm balls and under
low covering ratio (100 %), the maximum of GND is quite identical to the samples treated with 1
mm ones. However, it can be clearly seen that this maximum increases from 0.10 to approximately

0.15 um™ for the covering ratio of 3000 %, and from about 0.07 to 0.14 pm™ for 10000%. In

maximum of disorientation __

comparison with the maximum that can be reached using our criterion ( step size =

w = 0.43 pm~1!), the maximum GND calculated from our EBSD maps gives values 3 times

lower than this maximum. Actually, the latter one is reached in the case where from one pixel to
another along the X-direction with a step size of 0.2 um, the disorientation is 5 °. However, in the
analyzed maps, the misorientation can reach 5° but not along the whole X-line, which lower the X-

direction average disorientation, and thereby the average GND density.
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Fig Ill. 15: Evolution of the maximum of the GND density as function of the amplitude of
vibration, balls diameter and covering ratio.

To summarize, these comparisons show that:

- Increasing the vibration amplitude has a slight influence on the sub-500 nm layers except
when using balls of 2 mm diameter and high covering ratio (10000 %), where the
thicknesses of the 200-500 nm zone increases significantly and reaches about 45 um when
the vibration amplitude is 80 pm.

- The transition zone thickness seems to be not sensitive to the increase of the amplitude of
vibration when the covering ratio is 100%, while it increases under higher covering rates of
3000 and 10000 %. The highest increase was observed for the covering ratio of 3000%.

- For the deformed zone, the thickness is sensitive to the increase of the amplitude of
vibration when using the covering ratio is 100 %, while this effect is less visible under
higher covering ratios. A saturation effect is even observed under more severe conditions
(Diameter of 2 mm, covering ratios of 3000 and 10000 %), where the overall affected

thickness remains quite stable when the amplitude of vibration increases.
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II. 4 Discussion

The AISI 316L and 660 stainless steels have been treated by SMAT under different processing
parameters. As observed for severe plastic deformation treatments, grain refinement of coarse-
grained materials under SMAT involves various dislocation activities and the creation of subgrain
boundaries. Using raw orientation maps obtained from the ESBD measurements, the microstructure
and general features on the surface layers were then characterized. The new established procedure
for quantifying the effect of processing parameters allowed to determinate precisely the thickness of
the different layer. The discussion in this part will be divided into two essential parts. Firstly, the
deformation mechanisms under the SMAT as well as a comparison between the AISI 316L and
AISI 660 are discussed. Secondly, the effects of the SMAT parameters on the microstructure

evolution are explained.

1I. 4. 1  Deformation under the SMAT

II.4.1.a The deformation and nanocrystallization mechanisms and comparison

between the AISI 316L and AISI 600 stainless steels

The mechanisms of grain refinement for the AISI 316L stainless steel have been detailed using
Transmission Electron Microscopy (TEM) by Roland et al. (Roland et al. 2006; Roland et al. 2007).
At low strain, the microstructure is characterized by high density of mechanical twins and
dislocation arrays. As the strain increases, twin-twin interactions occur which subdivide the original
austenitic grains into smaller blocks and, ultimately, lead to the formation of randomly oriented
nanocrystallites (50 ~ 400 nm) involving boundary sliding and rotation of crystalline domains.
Consequently, SMAT produces gradients in grain size and structural defects through the depth
below the surface. The magnitude of this gradient, which is directly related to the local strain

sustained by the material, depends on the numerous processing parameters.

Concerning the specific deformation of these austenitic stainless steels, some comments need
however to be made. First, as the deformation twins are often very fine, many of them are not
directly depicted in the map with a step size of 200 nm. As sufficient amount of misorientation is
generated by the plastic deformation along these twins, it is however possible to see them in the
GND density map as shown in Fig. III. 16, done with a low step size (50 nm). Second, it is also
worth noting that the nucleation of strain induced martensitic variants at twin-twin boundaries
previously reported in the 316L stainless steel treated by SMAT (Roland et al. 2006; Roland et al.
2007) was not revealed in the present study by EBSD neither also by XRD and TEM.
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As the grain fragmentation process requires a sufficiently high amount of multidirectional
impacts, the increase in the treatment duration from 3 to 20 min has a significant effect on the
thicknesses of the UFG and transition zones of the AISI 316L, where the combination of

dislocations is the major driving mechanism.

* 22X22pm step: 0.05pm
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Fig. IIl. 16: Example of GND density distribution in a deformed grain carried out with a
step size of 50 nm
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Fig. Ill. 17: Comparison of the different zones thicknesses after SMAT (balls of 1 mm diameter) of the AISI
316L and AISI 660 stainless steels.
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As for the AISI 316L, for the deformation of the AISI 660, a graded microstructure is obtained
after SMAT. However, there is a notable difference in comparison with the AISI 316L. Actually,
the AISI 660 is characterized by a higher SFE (80mJ/m?) than the AISI 316L (38 mJ/m?), and
shows then extensive dynamic recovery which do not undergo the mechanical twinning and thereby

the strain hardening. More comparison elements are given in the following section.

11. 4. 2 Evolution of the affected depths as function of the stainless steel nature (AISI
316L versus AISI 660)

As shown in Fig. III. 17, the whole affected zone of the AISI 660 is thinner that the AISI 316L
one. The total fragmented zone of the AISI 316L is clearly thicker. To illustrate this, the two
samples in AISI 316L (D1A80T3) and in AISI660 (D1A8OTS) are compared. These two samples
are treated under the same amplitude of vibration and with identical balls diameter. Only the
AISI660 treatment duration is higher (Smin against 3min for the AISI 316L). This difference is
originated, as explained in the first section of this chapter, from the fact that the covering ratio is

used for treating the AISI 660, while the duration is chosen for the AISI 316L.

On one hand, to explain the difference of the overall affected thicknesses, regarding the stress
distribution within the material depth and according to Hertz theory (Cornet and Deville 1998), the
maximum of shear stress is reached at the sub surface (as shown in Fig. III. 18). A schematic figure
of the stress evolution as a function of the distance from the top surface is given in Fig. III. 19. The
curve gives the typical stress distribution within the material in the case of a ball-plan contact. In
this figure, the yield strength of the AISI 316L and 660 stainless steels are also represented. The
depths are not given because the aim of this figure is to compare qualitatively the two materials. As
mentioned in the “Materials and Experiments techniques” chapter, the yield strength of the AISI
316L and 660 are about 200 and 660 MPa, respectively. From this figure, it appears clearly that the
whole affected depth of the AISI 316L must be more important than in the AISI 660 one.
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Fig. Ill. 19: Schematic representation of the stress distribution as function of
the distance from the treated surface in the case of ball-plan contact.

On the other hand, it is also interesting to discuss the difference in the fragmented zones
(Zones 1 + II) thicknesses between the two steels (as observed in Fig. III. 17). Comparing two
samples treated at quite similar conditions (samples D1A80T3 in AISI 316L and D1A8SOTS in AISI
660), the thickness of the fragmented zone represents about 8 % of the overall affected zone of the
D1AS80T3 sample (in AISI 316L), while it is only about 16 % for the AISI 660 (D1A80TS5 sample).
This can be explained by the Stacking Fault Energy (SFE) of the two materials. Because of the
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difference in chemical composition (Lacombe and Baroux 1990), the SFEs of the AISI 316L and
AISI 600 are about 20 and 80 mJ/m?, respectively. The AISI 316L is characterized by a low SFE,
promoting the formation of twins induced by the plastic deformation. This initiates the
fragmentation mechanisms, where the austenitic grains are subdivided into smaller blocks because
of the twin-twin interactions. When the strain increases, the AISI 660 is characterized by a high
SFE (80mJ/m?), and shows extensive dynamic recovery. Comparatively, it does not undergo
mechanical twinning and thereby the strain hardening is less effective. It seems clear that the SFE
and the mechanical properties of the materials have a direct effect on the deformation mechanisms

that occur during SMAT and on the thickness of the affected zones.

II. 4. 2. a Effect of the SMAT parameters on the microstructure refinement:

The developed procedure of plastic deformation quantification allowed to describe the effect of
the individual SMAT parameters on the microstructure evolution (in section I1.2 and I1.3). It is now
interesting to discuss the results. Therefore, this section focuses on the energy transmitted by the
balls to the surface. Hereafter are detailed the calculations used to estimate the cumulated energy.

The equations are issued from the work of Thiriet et al.(Thiriet 2010).

Firstly, assuming that the sonotrode movement is sinusoidal and the balls store energy at the

contact with the sonotrode, the sonotrode displacement is following the equation:
u = % - cos(2m.f.t) Eq. 1l 1

Where A and f are respectively the sonotrode amplitude and frequency of vibration, and t is the

treatment duration.

The speed of the sonotrode is then the derivative of the displacement:

= =v(t) = —A.7.f.sin(2m.f.t) Eq. I 2

The maximum of speed reached by the sonotrode is:

Vmax = A.T. f Eq. 11l 3
The ball weight is simply given by:

m, == .p.dy Eq.IIL4
Where p is the ball material density (kg.m™) and dy is the ball diameter (m).

The maximum kinetic energy stored by the ball is then given by:

ECnax = 7 -p-dy (A.m.f)*  EqIILS5
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The total cumulated energy at the surface can be expressed by the following equation:

Eiot = Ecmax *Np - t. Ni Eq. 1. 6
Where Ei: the total energy accumulated at the top surface (J),

Ec: maximum of the kinetic energy of one ball (J),
Np: the number of balls,
Ni : number of impacts per min,
t : the treatment duration (min).

The number of impacts per seconds is missing in the present study, because no experimental
measurements were available. As the aim is to compare the samples relatively, it will be given equal

to 1.

The balls number is related to the balls diameter. Actually, the criterion used for the SMAT is
that the balls should cover 50% of the sonotrode surface. To ease the analysis, the interaction

between the balls is not considered in the calculation.
The expression of the cumulated energy is then given by:
Eor = 7 -p.dy.(A.m.f)* Nyt Eq L7

However, the cumulated energy (given in Eq. II1.7) is not completely imparted to the material
surface. Depending on the treated material, only a part of this energy is retained. Actually, after the
contact with the surface, and depending on mechanical properties (especially the hardness), the
balls rebound differently from one material to another. The balls restitution depends also on the
surface plastic deformation state. Bagur et al. (Bagur et al. 2012)have established an empiric
relationship between the hardness and the restitution coefficient, using experiments data of different
materials impacts with steels balls. The expression of the restitution coefficient (noted k;) evolution

as function of the material hardness (HV) is then given by the following equation:
k, = 0.2397x In(HV) — 0.696 Eq. 1. 8

This function is represented in Fig. III. 20. The materials used in the present study have an
initial hardness of about 200 HV (AISI 316L) and 350 HV (AISI 660), corresponding to restitution
coefficients of 0.57 and 0.67, respectively. It is important to note that the hardness increases
continuously during the SMAT treatment. So, the restitution coefficient increases also depending on
the SMAT parameters. At this state of the present work, this is not taken in consideration in the

calculation.
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This coefficient is then introduced in the calculation of the cumulated energy, and the equation

for calculation of the cumulated energy becomes (Thiriet 2010):

Ejoe = E.-N,-t- (1—k,) Eq. I 9

09+
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Fig. IIl. 20: Empiric evolution of the restitution coefficient as function of the hardness (HV) established by
Bagur et al (Bagur et al. 2012).

The introduction of this coefficient in the calculations decreases the cumulated energy. The
calculated values for the AISI 316 are multiplied by (1 - 0.57 = 0.43) and those of the AISI 660 by
(1- 0.67 = 0.33). The cumulated energy is calculated for the whole range of parameters used in this
study, and the evolutions of the 3 zones as function of this energy are given in Fig. IIl. 21. Data
corresponding to the AISI 660 and AISI 316L treated with the 100Cr6 steel balls is represented in
black, and in red, respectively. The AISI 316L samples treated with Zirshot balls are presented in

green.

A “log-log” presentation is used to better visualize the evolutions at low energies, and linear
fits (log(Thickness)=a*log(Energy)) with slopes (a) are also given. It should be noted that the slope
corresponds in a linear mode to the power of the fit function (Thickness=Energy"). When the value
of “a” decreases, the thickness tends to stabilize at higher energy values. The results are given in

Fig. 111 21.
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Fig. IIl. 21: The evolution of the (a) UFG, (b) fragmented and (c) overall affected zones thicknesses as
function of the calculated cumulated energy taking in consideration the restitution coefficient.
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From Fig. III. 21a and b, It can be firstly observed that the use of the restitution coefficient
results in a shift of the data to lower cumulated energies. Higher shift to lower energies is logically
observed for the AISI 660 samples, as the restitution coefficient is higher (0.67), while for the AISI
316L samples, the shift is less important (restitution coefficient of 0.57).

Concerning the thickness evolution of the AISI 660 different zones as function of the
cumulated energy, two tendencies can be observed in Fig. III. 21b. Within the range of about 0 to
10 J of cumulated energy, the overall affected thickness increases and the fragmented and UFG
ones remain fairly constant. However, when the cumulated energy is higher than about 10 J, the
opposite effect is observed, where the thickness of the UFG and fragmented layers increase
continuously and the overall affected thickness saturates and remains constant (about 230 um).
These results show that a minimum cumulated energy is required to increase the fragmentations
mechanisms of the surface microstructure, leading to the formation of thick UFG and fragmented

layers.

For the AISI 316L (red and green symbols), the evolution is quite different. The overall
affected depth is almost the same within the whole analyzed energy range. It is also worth noting
that for the UFG and fragmented layers, the thickness increases continuously, and in comparison
with the AISI 660 samples, no threshold is observed. Wider parameters range is maybe needed to
depict more precisely the evolution of the different zones thicknesses within larger cumulated

energy range.
II. 5 Summary and conclusions

It has been shown in this section that low magnification maps (step size of 200 nm) could be
used to extract the GND density, which is a good indicator of the plastic deformation imparted by
the SMAT treatment. The apparent grain size and the derivative of the GND density evolution were
used to establish criteria allowing to depict quantitatively the thickness of the three zones present
through the SMAT affected layer: (i) the “ultrafine grain (UFG)” zone having sustained high strain
at the top surface, (ii) the sub-surface transition zone in which the extend of deformation is
sufficient to activate grain sub-division of the initial grains and, finally, (iii) the deformed zone

where the initial grains are simply plastically deformed.

This procedure was applied to compare the effect of different processing parameters: the
vibration amplitude of the sonotrode and the treatment duration as well as the balls nature (in the
case of the AISI 316L). Firstly, for the AISI 316L, it was noticed that more modifications occurs
within the UFG and fragmented layers, where the increases when higher cumulated energy is

imparted to the surface, while the overall affected depth remains quite constant. On the other hand,
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for the AISI 660, the thicknesses of the UFG and fragmented layers remain constant until a
threshold cumulated energy of about 10 J, then increase. Meanwhile, the overall affected depth
present the opposite effect, where its thickness increases for cumulated energies lower than 10 J,

then saturates and remains stable.

The degree of advancement of the refinement process observed obviously depends on the local
strain sustained by the material and, consequently, creates gradients in grain size and amount of
structural defects through the depth below the surface. The magnitude of these gradients depends on
the processing parameters. This part presents then the interest of the analyzing technique developed
in the present work to correlate the SMAT parameters (amplitude, duration, balls nature) to the final
deformed SMAT structure. This type of approach - using the evolution of GND — should be helpful
to quantitatively estimate the effectiveness of other treatments in which the SMAT process is used
as a precursor prior to nitriding (Tong et al. 2003), co-rolling (Waltz et al. 2011) or microarcing
(Wen et al. 2011) as well as, more generally speaking, duplex treatments generating, on purpose,
surface deformation gradients (Zhang and Zou 2012; Grosdidier et al. 2008; Kamikawa, Huang, and
Hansen 2008) or spatially heterogeneous microstructures (Kamikawa, Huang, and Hansen 2008;

Grosdidier et al. 2010; Witkin et al. 2003).
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I11. Effects of the SMAT parameters on the surface contamination

During the SMAT and depending on the process conditions, the balls impact “severely” the
surface of the material and may enhance its chemical reactivity with the chamber parts elements.
The sonotrode is for example in titanium alloy Ti-6Al-4V and the chamber in steel or polymer. In
the first part of this chapter, chemical composition investigations (using GD-OES) are carried out
on AISI 316L samples. In-depth quantification of the chemical elements present in the material
shows the evolution of this contamination as function of the SMAT parameters. The second part
describes a new qualitative method of analysis of SMAT-induced contamination by XRD. Actually,
the presence of Titanium on the surface affect the background noise of the diffraction patterns,

which is modified depending on the SMAT

II1. 1 Surface contamination of the AISI 316L stainless steel surface after SMAT

1II. 1. 1 The experimental results of the chemical composition analysis

In order to investigate the surface contamination, the sample treated under the “highest”
severity condition is analyzed (D1A80D20). The extreme top surface morphology after SMAT
under BSE detector is given in Fig. III. 22. The presence of “dark zones” distributed fairly
heterogeneously on the treated surface is observed in Fig. III. 22a. These zones are clearly detected
within the material cross section as shown in Fig. III. 22b. Their thickness can reach about 4 um in

SOme zonges.

SEI 15.0kV X200 100pum WD 9.3mm

(a) (b)
Fig. Ill. 22: SEM images showing the (a) surface morphology and (b) the cross section
microstructure after 316L SMAT-ed under 80 um of amplitude for 20 min with 100Cr6 balls (see
table 1).

In order to investigate more locally this modified layer, Transmission Electron Microscopy

(TEM) observations were carried out. Fig. III. 23gives a combination of Bright Field (BF) images
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of the extreme top surface of the same sample. It is observed that the microstructure is essentially
formed of 2 layers in this zone: a layer reaching about 1 um with low contrast present at the
extreme top surface (as shown in Fig. III. 22b), which is probably corresponds to the beginning of

so-called zone I (UFG zone), and a severely deformed microstructure at the subsurface.

(a)

Fig. Ill. 23: (a) Bright Field images of the top extreme top surface of the 316L SS
sample treated under 80 um of amplitude for 20 min with I mm diameter 100Cr6 balls.
(b) Close loop of the microstructure morphology at the extreme top surface.

To analyze the nature of these modified layers, local chemical analyses were carried out by
Energy-Dispersive X-ray spectroscopy (EDX). The results are given in Fig. III. 24.Two zones
having different aspects and different chemistry are observed. The local EDX chemical analyses of
the two zones are given in Figs. 2 b and c. The bottom left of the image in Fig. 2a corresponds to
the base material in which is observed that the heavy deformation has generated the presence of
nano-grains. Consistently with the chemistry of the base austenitic steel, peaks of Fe, Ni, Cr, Mn
and Mo are clearly depicted. It is important to note that the high intensity of the Cu peak is due to
electrons interacting with the sample holder in the TEM. The top right of the image corresponds to a
contaminated domain revealed in Fig. IIl. 22. In addition to some of the initial chemical elements
present in the 316L sample, the analysis of the top surface reveals the presence of other elements
such as Ti, Al and V. This indicates that external elements were introduced during the SMAT
treatment. In the present case of the specific contamination analyzed here, the chemical species
introduced within the surface are the constituting elements of the Ti-6Al-4V alloy from which the

sonotrode is made of.
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Fig. Ill. 24: (a) Bright Field image presenting the zones where the
EDX analysis was carried out. (b) At the top surface layer, (c) at the
subsurface

To gain a more statistical insigth on the exact nature of the surface contaminations, a GD-OES
analysis was carried out on different samples treated under various SMAT conditions. Fig. III.
25shows the GD-OES results corresponding to the content (wt. %) of the different chemical
elements expressed as a function of the distance from the top surface. As the data are averaged over
a surface of about 12 mm” and because of the surface roughness induced by the SMAT process, the
curves only give a qualitative trend of the amount of contamination. It is firstly observed (in Fig. III.
25a, b and c) that Ti is present in a significant amount at the surface in comparison with the other
contaminating elements. Its content reaches an average of about 10 wt. % at the top surface and its
presence is detected over a maximum depth of about 9 pm for the sample treated with the most

severe conditions (80 um / 20 min). On the same sample, contents are reaching about 4 wt. % in Al
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and 2 wt. % in V, for the same maximum affected depth of about 9 pm. Their relative content and
their similar penetration depths confirms that these 3 elements were introduced as the consequence
of some material removal from the sonotrode, they subsequent transfer to the sample surface and
incorporate into the substrate under the peening process. Concerning the nature of the surface
pollution, a second interesting result is the detection of zirconium for the sample treated with the
Zirshot balls (Fig. III. 25d). Its amount is globally low with content that do not exceed 1wt. % for a

maximum depth of 4 pm.
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Fig IIl. 25: In-depth evolution of the chemical composition (wt.%) of (a) Titanium, (b) Aluminum, (c) Vanadium and
(d) Zirconium after SMAT under different conditions.
In addition, it is observed (in Fig. III. 25a, b and c) that increasing the treatment duration
results in an increase in the Ti, Al and V concentrations as well as an increase of the contaminated

depths. These phenomena are less noticeable when increasing the vibrations amplitude. Indeed, the

122



Chapter III: Investigation of the Surface Mechanical Attrition Treatment (SMAT) effects on the microstructure and
contamination of the AISI 316L and AISI 660 stainless steels surfaces

increase of the vibration amplitude, for a given treatment duration, gives rise essentially to a slight

increase in the contaminated depth.

Beside the contamination by these sonotrode elements, a decrease of the Iron and Nickel
concentrations was depicted. As shown in Fig. IIl. 26a, an important decrease of the Fe content is
observed notably for the samples treated for 20 minutes. A decrease of the Ni content (in Fig. III.
26b), especially for the DIA80T20 sample, is depicted. It should be noted near the top surface, an
increase of the Ni content can be observed. This decrease can be due to the formation of Ni3Ti or

NizAl nitrides (Ti-6Al1-4V / 316L mechanosynthesis).
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Fig. IIl. 26: In-depth chemical composition (wt. %) evolution of (a) Iron, (b) Nickel and (c) Chromium
after different SMAT conditions.

It was also observed that the Chromium content increases at the top surface, as observed in Fig.
III. 26¢. The Cr contamination reaches about 25 wt. % and affects about 2 um in-depth, when the
treatment duration is 20 minutes. This contaminated “layer” is less important for the low treatment

duration (3 min), with a depth of less than 1 um and concentration of about 20 wt. %.
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1II. 1. 2 Discussion of the AISI 316L surface contamination

The chemical composition investigations reveal the presence of a contaminated layer on the
surface of the SMAT-ed samples by the chemical elements of the sonotrode and probably the
treatment chamber. It is observed that the contaminated depths and the elements concentration are
different as a function of the SMAT parameters. These elements are deposed on the surface by the
balls. This phenomenon has been observed in previous works. After treating the HASTELLOY
C2000 (a nickel alloy resistant to corrosion) by Surface Nanocrystallization and Hardening (SNH),
the surface was contaminated by balls in Tungsten carbides (WC) for treatment duration superior to
2h (Villegas et al. 2005). In other works, the presence of Fe,O3; and Fe;O4 oxides on the surface of
the AISI316L after plastic deformation for 2 hours by ball milling has been revealed (Cemin et al.
2010). More generally, the process of incorporation of other chemical elements using colliding balls

had been used to create surface alloying.

From the results presented in the last section, it is also clear that the balls nature has an
influence on the surface contamination, especially at low treatment durations. The balls in Zirshot
contaminates less the surface, in term of the deposited concentration and affected depth. In fact,
these balls are “lighter” that the 100Cr6 ones. During the SMAT process, the impact of these balls
with the sonotrode and the chamber does not generate enough energy to transfer the Ti, Al and V
elements; therefore, it is probable that less content of these elements is transferred to the material

surface.

The chemical analysis of the surface contamination also revealed a high contamination by the
Chromium. As the AISI 316L is alloyed with higher content of Cr than the balls, it is then not
expected that this contamination is issued from the balls. The sonotrode is in Ti-6Al-4V and does
not contain Cr. A plausible hypothesis is that Cr is originating from the chamber. Actually, the
chamber is in D2 die steel that contains carbides of MC type (M7Cs), which are very rich in Cr.
During the SMAT process, it is then possible that the repeated impacts with the chamber allow to

extract these carbides from the matrix and to deposit it on the treated material surface.
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I1I. 2 Contamination effect on the XRD analysis of the AISI 660 stainless steel samples

In the previous section, the contamination effect was investigated using destructive technique
(GD-OES), forming craters of about 4 mm in diameter on the analyzed surface. These results reveal
that the surface is contaminated by the sonotrode element of Ti-6Al-4V (Ti, Al and V) and also by
the elements issued from the chamber (Cr) and the balls (Zr). However, this method is not always
convenient and cannot be used for all the shapes of samples and for industrial applications. In the
present section, XRD data (in form of 0-20 traces) will be employed to investigate the
contamination of the AISI 660 surfaces. Different radiations (Chromium, Iron or Cupper) can be
used to induce the fluorescence of the Titanium element. In this study, Chromium radiation

(K,=0.2291 nm).

Fig. I1I. 27 gives as examples the 0-20 traces of the initial material and the samples treated with
balls of 2 mm diameter with 100, 3000 and 10000 % of covering ratio. For the initial material,
diffraction peaks corresponding to the y-phase are observed. After SMAT under a covering ratio of
100 %, the diffraction peaks of the y-phase are larger, which can be due to the refinement of the
structure induced by the SMAT process. After longer treatment duration (3000 %), the y-peaks
become larger than 100 % one. When the covering ratio is 10000%, the y-peaks enlargement is

more visible and the XRD trace is significantly shifted to higher intensities.
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Fig. IIl. 27: XRD patterns of the AISI 660 treated under different conditions of SMAT (see table 2)
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These results show also that depending on the SMAT parameters, the background noise level is
modified. This is due to the contamination by the Titanium during the SMAT process as described
in the previous section. As illustrated in Fig. , the presence of Titanium atoms in (and within) the
treated surface generates the emission of fluorescence X-Rays. Actually, the Chromium -used as X-
Ray radiation source- is energetic enough to expel electrons from the inner orbital of the titanium
atoms. This makes the electronic structure of Titanium unstable, and electrons in higher orbitals
"fall" into the lower orbital to fill the hole left behind. In falling, energy is released in the form of
photons. These photons are depicted by the XRD detector because their energy is close enough to
the Cr one and also because no energy range discrimination is used in the detector. When the
quantity of Titanium increases in the surface, the quantity of photons emitted increases, as shown in
Fig. b and c. This is traduced in the XRD analysis by the addition of the substrate signal to the
Titanium one, and thereby a shift in the Y-axis of the final XRD pattern as observed in Fig. III. 27.

Uncontamintaed surface

Intensity (a. u)

20()

Uncontamintaed surface
Low-contaminated surface

Intensity (a. u)

—— Uncontamintaed surface
Low-contaminated surface
Highly-contaminated surface

Intensity (a. u)

Fluoregcent signal intensity

20(°)

Fig. IIl. 28: Schematic illustration of the effect of Titanium presence in the surface of the AISI 600 SS. (a):
when the surface is uncontaminated, only the diffracted signal is depicted by the detector. (b) and (c) : The
presence of Titanium in the surface is characterized by the emission of fluorescent X-Rays in different
directions (Red lines).

As illustrated in Fig. III. 29, the background noise varies as the amplitude of vibration and
covering ratio increase. It is observed that the background noise level increases from about 400

(D2A30T20) to 575 (D2A30T15), and from about 675 (D2A30T67) to 750 (D2A30T50),
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respectively. At high vibration amplitude of 80 um, the background noise remains almost at the

same level at low covering ratio R12 and slightly decreases at high one (D2A80T7.5).
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Fig. IIl. 29:XRD pattern showing the difference of the background noises for different SMAT
conditions.

In order to quantify the contamination of this steel, the relative background intensity (noted I)

was measured for all samples, using the following equation:

I ~Iini
| = fample ™oy 100 Eg. 11 10

ini

The variation of the relative background noise as function of the covering ratio and the
treatment duration are given in Fig. III. 30. It is firstly observed that the relative background is
directly related to the covering ratio, as observed in Fig. III. 30a. When the covering ratio increases,
the relative background noise also increases. In addition, for a given covering ratio, it is clearly
observed that the vibration amplitude of 50 um generates more contamination that a vibration
amplitude of 80 pum. This apparently surprising result is probably due to the different treatment
durations required to achieve the targeted covering ratio. Actually, to reach a covering ratio of 100

%, longer treatment duration is needed under low vibration amplitudes, as mentioned in Table III. 2.
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Fig. IIlI. 30: The relative intensity evolution as function of (a) the covering ratio, (b) the
treatment duration.

The evolution of the background relative intensity as function of the treatment duration (for
samples treated with 1 mm diameter balls) is given in Fig. III. 30b. It can be seen clearly that under
vibration amplitude of 30 um, the relative intensities are low in comparison with other samples,
showing that under this amplitude, less contamination on the surface is introduced. It can also be
also observed that increasing the treatment duration results in an increase of the background relative

intensities for all vibration amplitudes.

At a given treatment duration, the 50 and 80 um amplitudes generate more contamination, but
the results also confirm that the highest amplitude (80 wm), which generates the most energetic
conditions, also results in a slightly higher level of contamination. Consequently, it is clear that the
apparent surprising result of background level increase (shown also in Fig. III. 27) is due to the

higher treatment duration required to generate the targeted covering ratio.
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IV. Summary and conclusions

The investigations of the SMAT effects on the AISI 316L and AISI 660 surfaces give rise to
interesting results. The mechanical effect of the SMAT on the microstructure is firstly investigated,

and then the analysis focused on the surface contamination occurred during the process.

Firstly, the induced plastic deformation by the SMAT was quantified using a new technique,
based on Electron Back Scatter Diffraction (EBSD) measurement (step size of 200 nm). This
method consisted on the determination and exploitation of the Geometrically Necessary
Dislocations (GND), which is a good indicator of the plastic deformation, to characterize the
microstructure and to identify the different layers formed on the surface after SMAT. Actually, the
evolution of the average GND density was calculated from the top surface to the material bulk, and
using new established criteria, the three SMAT characteristic zones were identified: (i) Zone I: the
Ultra Fine Grains (UFG) zone composed of with grains having sub-micrometric size; (ii): Zone II:
the transition zone where the initial grains are fragmented to fine grains under the heavy
deformation and finally (iii) Zone III: the deformed zone, where the initial grains are simply
plastically deformed. This procedure was firstly tested on the AISI 316L, as it is a widely studied
steel, and its deformation mechanisms are extensively studied. It was noticed that the UFG and
transition zones thicknesses are more significantly affected when increasing the amplitude of
vibration, while the whole affected layer remains constant (except under the highest conditions

where an increase is observed).

This refinement process clearly depended on the local strain sustained by the material inducing
by consequence a gradient in grain size and high defects density. This induced gradient depended
on the processing parameters. Therefore, the AISI 660 was treated under a wider range of SMAT
parameters. For this steel, it was noticed that the UFG zone is more sensible to the vibration
amplitude when using balls of 2mm diameter and treating for long durations, while the thickness of
the overall affected layer increases when balls of 1 mm diameter are used, and a saturation effect is
observed under 50 and 80 pm of vibration amplitude when the covering ratio is 3000 % or more

where the thickness of this zone tends to stabilize.

This developed procedure allowed to give a new approach to quantify the plastic deformation
induced by the SMAT, however, some it is limited by some factors. It should be noted firstly that
this procedure is sensible to the surface preparation and the EBSD acquisition conditions. In
addition, as the surface after SMAT is rough, it is very difficult to determinate precisely the extreme

surface, so the calculation of the UFG thickness can be over or sub-estimated.
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On the other hand, the last part this chapter treated the chemical composition modifications
occurred after the SMAT. The analysis of the AISI 316L surface by Glow Discharge Optical
Emission Spectroscopy (GD-OES) showed a contamination by the sonotrode (in Ti-6Al-4V) and
chamber (in D2 die steel) elements where high contents of essentially Titanium were depicted. It
was also observed that increasing the treatment duration led to more contamination than when
increasing the vibration amplitude. In addition, when using balls in Zirshot, the contamination is
less important. This was probably due to the lower weight of these balls, resulting in a lower

cumulated energy transferred the material surface.

However, the GD-OES is a destructive analysis method, which is not always convenient in the
industrial field and for some special shape of industrial parts. The surface contamination of the AISI
660 was then analyzed based on the fluorescence phenomenon occurring during the X-RD
measurements. Actually, as this steel contained high content of Titanium, the contamination by the
Ti of the sonotrode can be depicted by the background noise level, which varied as function of the
content of Ti deposed on the surface. The comparison between the different AISI 660 samples was

done by calculating the background noise relative intensity.
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Chapter IV

Effect of the surface activation by mechanical and thermo-
mechanical treatments on the nitrogen diffusion in the surface

of the AISI 316LL

In this chapter, the effects of the surface activation by plastic deformation techniques before
the Plasma Nitriding (PN) treatment are investigated. The goal is to determine the potential
of various plastic deformation pre-treatments to improve the nitrogen diffusion on the AISI
316L during a given nitriding treatment of 8 hours at 350 °C. Three activation techniques
were used. The plastic deformation was imparted by (i) shooting balls under SMAT and by
(i1) the conventional cold rolling. Some tests were also carried out after plastic deformation
(ii1) induced by the thermo-mechanical stresses generated by the High Current Pulsed

Electron beam (HCPEB) treatment.

This chapter is divided into two parts. The first part is dedicated to the activation by SMAT.
In a first section, the cross section microstructure and the evolution of the nitrided layers
thickness are analysed using Scanning Electron Microscope (SEM) and Electron
BackScattered Diffraction (EBSD), and the modification of the surface hardness is also
investigated. The second section is a detailed study about the effect of the SMAT-induced

contamination on the nitriding layer and surface hardness.

The second part deals with other surface “activators” used prior to Plasma Nitriding. The
AISI 316L samples are cold-rolled using three reduction ratios. Cold rolling is used because
it is a “simple” deformation process, and it introduces a high density of defects within the
material. The nitrided layer thicknesses and the surface harnesses are evaluated after the
duplex treatment “cold rolling + Nitriding”. In the second section of this part, because of the
industrial application limitation of the cold rolling (complex shapes of industrial parts are
not possible to achieve), the HCPEB is also used as a possible surface activator, which
could be more convenient in the industry. Two grades of the AISI 316 (the AISI 316LM:
medical grade and 316LS: with higher content of S to improve the machinability) are treated
under high and low energy before nitriding. As explained in the literature review chapter,

the HCPEB treatment leads to the eruption of the second phase particles present at the
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subsurface layer and thereby to the formation of craters on the surface. This is why the AISI
316LS is chosen to investigate the effect of the surface purification and chemical
homogenization on nitriding. The evolutions of the nitrided layers thickness as well as the

surface hardness and residual stress are also detailed.
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Part. 1.  Effect of the SMAT on the evolution of the nitrided depths and
surface hardness of the AISI 316L

After revealing a significant surface pollution in the previous chapter, we will study in the
following the effect of nitriding directly on a raw SMAT-ed surface and after selective electro-
polishing, used to remove the contamination layer. Thus, in the next sections, for sake of clarity, the

following abbreviations will be used:

SN: SMAT + Nitriding.
SPN: SMAT + Polishing + Nitriding.

I. Plasma Nitriding of “raw” SMAT-ed samples

I 1. SMAT parameters used for treating the AISI 316L surface

AISI 316L specimens of 8§ mm thickness were cut from a rolled hyper-quenched 25 mm
diameter bar. This grade is identical to the one used in chapter III and its chemical composition is
given in section I. The samples are mechanically polished to a mirror-like finish (1 pm diamond
paste). Prior to nitriding, the SMAT is carried out under an argon atmosphere in order to limit
oxidation. The treatment conditions are summarized in Table IV. 1.Untreated and SMAT-ed
samples were placed together into the plasma nitriding reactor to be treated under the same

conditions (at 350 °C for 8h.).

Balls SMAT conditions
Diameter | Weieht | Amplitude | Treatment Vibrating Distance
Nature & of vibration duration frequency | Sonotrode —
mm) | (@ : ;
(um) (min) (kHz) sample (mm)
100Cr6 steel 2 15.2 60 20 20 30

Table 1V. 1: SMAT parameters used for treating the AISI 316L stainless steel before plasma nitriding.

I.2. Cross-section microstructure modifications induced by the duplex treatment

“SMAT + Nitriding”

Fig. IV. Ipresents the X-Ray Diffraction (0-20) patterns obtained after SMAT, direct Nitriding
and SMAT + Nitriding (SN) sample surfaces. After SMAT, characteristic diffraction lines of the
austenite phase (y) are observed and no martensitic peaks are depicted. After nitriding only, in
addition to the y-peaks from the substrate, the formation of the larger peaks at diffraction angles
lower than that of the parent y-phase is observed. These peaks correspond to the yn-phase

(described in Chapter II).
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The SN sample presents the same phases as the only nitrided one where, in addition to the -
peaks, the yn phase peaks also appear. In order to compare the thickness of the nitrided layers, the
XRD intensities of the y and yx peaks are used (noted I and Iyn, respectively). Actually, as the XRD
diffraction volume is constant during the phases analysis and assuming that the crystallographic
texture is identical in the y and yn-layers, the relative intensity Iyn/Iy will changes as function of the
thickness of the yn layer, where thicker yn layer will results in a high value of this ratio, and vice

versa.

Applying this method to the (111) peak, it can be then found that higher Iyn/Iy value is obtained
for the only nitrided layer (~ 1.4 pm) in comparison with the SN sample (~ 0.84pm). This indicates

that the nitrided layer after SN is thinner than after only nitriding.
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Fig. 1V. 1: X-ray diffraction patterns of the SMAT, plasma nitrided and SN samples.
In addition, the ynpeaks present a dissymmetry as can clearly seen in the close loop ofFig. IV.
1. This is possibly due to chemical composition heterogeneity in the formed nitrided layer. Previous
studies tried to explain the phase formed and explained the dissymmetry of the yn phase (Dalibon,
Bozzano, and Bruehl 2013; Adachi and Ueda 2012; Asgari et al. 2011). As explained in Chapter I,
this dissymmetry is attributed to the heterogeneity of the nitrogen content within the nitrided layer,

leading thereby to a gradient of the lattice parameter.
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To observe the microstructural modifications, Fig. IV. 2presents SEM cross section
micrographs (Backscattered Electrons images) of the treated samples. The SMAT sample (Fig. IV.
2a) exhibits a high density of plastic deformation signs (slip lines and twinning). The mechanisms
responsible for the plastic deformation generated by SMAT on the 316L stainless steel have been
detailed previously in this work. From these micrographs, it can also be seen that the layer formed
on the surface of nitrided sample (Fig. IV. 2b) is more continuous and uniform (~ 2 pum) in
comparison with the SN sample (~ 1.8 um as observed in Fig. IV. 2c¢).High magnification
images(Fig. IV. 3) show also that the nitrided layer formed on the SN sample presents

discontinuities (arrows).

Nitrided layer

(a) (b) (©)

(a) (b)

Fig. IV. 3:Cross section images showing that the nitrided layer formed on the SMAT-ed surface is not
continuous.

Complementary EBSD analyses were carried out to give more details about the microstructure
evolution and the nature of plastic deformation.Fig. IV. 4gives the orientation maps corresponding
to the SMAT (a), the Nitrided (b) and the SN samples (c), carried out with a step size of 0.1 pum.
The colors are given following the standard triangle colors, where the <001> direction is parallel to

the treatment direction. The SMAT-ed sample orientation map (Fig. IV. 4a) shows the presence of
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high amount of crystallographic rotations inside the initial grains. Microstructure refinement is also
observed in some zones near the top treated surface, presenting very refined grains. The details
about the microstructure refinement and deformation after SMAT observed here are similar to the

ones described in Chapter III.

For the nitrided sample, the EBSD map -given inFig. IV. 4b- shows that rotation inside grains
occurs within the nitrided layer, sign of the deformation induced by the nitriding process (Stoneville
et al. 2010). Under this layer, no significant rotation is observed. In Fig. IV. 4c, which corresponds
to the orientation map of the SN sample, high rotation inside grains in the whole analyzed area is
observed. This map is quite similar to the SMAT-ed sample one. In addition, misorientations inside
grains in the top layer can also be seen, which is probably due, as for the nitrided sample, to the

deformation induced within the nitrided layer(Stinville et al. 2010; Templier et al. 2010).

m

TD // 001 101

Fig. 1V. 4: Cross section IPF maps of the (a) SMAT-ed, (b) Nitrided and (c) SN samples. The <001>
direction is parallel to the treatment direction.
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L. 3. Hardness evolution after SMAT, nitriding and the duplex treatment SN

Surface indentations under different loads and in-depth hardness measurements on cross
section were carried out. The results are given inFig. IV. 5. The depth indentation corresponds to
the indenter penetration and is estimated using the equation given in Chapter II. From the surface
indentation measurements in Fig. IV. 5a, the nitrided sample presents a hardness of about 360 HV
at the extreme surface and then decreases when increasing the indentation load to reach a hardness
of about 200 HV, close to the initial material hardness (~180 HV). The decrease of the hardness can
be explained by the decreasing contribution of the nitrided layer as compared to the bulk, when the
indentation load is increased. For the SMAT-ed surface, the hardness is relatively constant at about
360 HV, which is due to the important depth affected by the SMAT treatment. The higher hardness
increase is obtained after SN. The top surface hardness is significantly increased by about 400%,
reaching almost 720 HV in comparison with the initial material (~180 HV for the untreated
material), and doubled in comparison with the only nitrided one (~ 360 HV). As the indentation

load increases, the hardness decreases but remains at a higher level at the maximum load used (500
g

To analyse the hardness evolution within deeper thickness of the material (until about 500 um
in depth), cross-section measurements were carried on using a load of 25 g. The results are given in
Fig. IV. 5b. It should be noted that the hardness values given for a depth of 1 um are the ones
measured by surface indentation with the lowest load (Fig. IV. 5a). For the nitrided sample, the
surface hardness reaches a maximum of about 360 HV. Just below the nitrided layer, the hardness
drops down to the initial hardness of the material (about 180 HV). The nitriding treatment only
affects the near surface hardness over a depth that corresponds to the nitrided layer thickness.
Comparatively, the top surface hardness of the SMAT sample is close to that of the nitrided sample,

but the hardness below decreases slowly and is still modified until a depth of 250 pm.

In the case of the SN sample, only the top surface hardness has been increased by about 200 %
in comparison with the SMAT-ed or nitrided samples (Fig. IV. 5b). This is due to the formation of
the nitrided layer. In addition, the hardness underneath the top surface of the SN sample remains
very close to the SMAT one. This indicates that the temperature of the nitriding treatment (350 °C)

do not affect the sub-surface hardness. The SMAT effects on microstructure are then not affected.
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Fig. 1V. 5: (a) surface hardness evolution of the SMAT, nitrided and SMAT+nitrided sample
using (a) surface indentation by different loads and (b) cross-section measurements (load of 25 g).

1. 4. Discussion

The 316L stainless steel microstructure modifications and hardness evolutions observed after
SMAT are consistent with previous studies. For example, Roland et al. 2007 observed that the
hardness was increased from 250 HV in the bulk material to about 460 HV at the extreme surface, a

value higher than the hardness obtained in the present work (~360 HV). This is due probably to the
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higher balls diameter used in the cited work (3 mm) in comparison with our treatment (2 mm). The
surface hardness enhancement was related to the strong refinement of the grain size by SMAT,
which leads to an increase of the strength (the Hall-Petch relationship) and the high density of

dislocations induced.

After nitriding, a new phase replaces the y-phase in both the nitrided and SN-ed samples,
corresponding to the yn-phase. As observed in the experimental results (Fig. IV. 1), the peak
broadening is due to the gradient of nitrogen near the surface, leading then to a gradient of the
lattice parameter over the depth analyzed by the X-ray beam. It has been shown by Shedden et al.
(Shedden et al. 1997)that more nitrogen contents result in an increase of the lattice parameter of the
yn-phase, as shown inFig. (taken from Stinville 2006). From this figure and our XRD results, the
estimated superficial nitrogen content is about 25 at. %. However, it should be noted that the lattice
parameter does not simply depend on the nitrogen content, but also on the elastic anisotropic strain
due to the very important compressive residual stress (1 to 4 GPa) introduced by nitrogen
incorporation in the expanded austenite layer. A method was proposed by Czerwiec et al. (Czerwiec
et al. 2009) to separate the contribution of nitrogen incorporation from the stress one. Nevertheless,
for the only nitrided sample, the yn peaks are is shifted to lower diffraction angle as compared to the
SN sample. This can be interpreted as lower as lower nitrogen content for the SN sample as

compared to the only nitrided sample.
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Fig. IV. 6: Lattice parameter a of nitrogen stabilized expanded austenite (yy) as a function of surface
nitrogen content(J.-C. Stinville 20006).

Concerning the surface hardness, the results presented in Fig. IV. 5show that the hardness of
the nitrided sample was only increased within few micrometers, reaching a maximum of about 360
HV. This result is consistent with the SEM structural observations, where it is seen that the nitrided

layer does not exceed 2um. Previous works also showed that the hardness is only enhanced near the
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extreme surface after nitriding of 316L. In the work of Mingolo et al., the surface hardness after
plasma nitriding (at 400 and 550 °C for 12h) could reach about 1500 HV (Mingolo, Tschiptschin,
and Pinedo 2006), 4 times higher than the hardness measured in the present work. This is due to the
formation of iron and chromium nitrides, which harden the material surface. In the present case,

as the nitriding temperature is lower (350 °C), no nitrides are formed and the surface hardness

The highest hardness is obtained after SN for which the surface hardness (~720 HV) is more
than 100 % higher than for the nitrided sample only (~360 HV). The first assumption of this
significant hardness increase is the possible formation of nitrides during the nitriding process. It has
been shown for example that after nitriding under 400 °C for 30 h of a SMAT-ed38CrMoAl ferritic
steel, the hardness was increased by 30 % in comparison with the only nitrided samples (Micoulaut
et al. 2007). The same tendency is observed after SN treatment of a pure iron, where the hardness
was 55 % higher that of the only nitrided pure iron (Ruan, Chen, and Lu 2010). The hardness
enhancement in these works was explained by the formation of a nanostructured layer and
precipitation of iron nitrides. It should also be noted that iron and the steels used in these two
studies are a-type, whereas vy steels with no phase transformation is used in the present study. In our
work, as the nitriding temperature does not exceed 350 °C, the formation of nitrided is inhibited. No

evidence of CrN is available from the XRD diffraction pattern presented in Fig. IV. 1

The second assumption that can explain this hardness increase is the cumulative effect of both
the SMAT and the nitriding processes. Actually, the measured surface hardness value may represent
a cumulative effect of the SMAT treatment and of the subsequent nitrogen insertion. The final

material hardness (after SN) can be expected to follow the equation:
HVfinal = HVinitial + AHVSMAT + AHVNitriding

where AHVsp 47 (180 HV) and AHVy;triqing (180 HV) are the gain of hardness induced by the

SMAT and Nitriding treatments, respectively.
HVfing = 180 + 180 + 180 = 540

However, the HVfpnq calculated is inferior to the measured hardness here (~720 HV). This
shows that the harness obtained after the duplex treatment SMAT+PN is not simply cumulative
(addition) of each treatment. The combined-effect is more complex and the nitriding of a coarse-

grained material can lead to different hardened layers than the one of a severely deformed material.

As observed in Chapter 111, the SMAT leads to a surface contamination by different chemical
elements, such as Titanium, Aluminium and Vanadium. These elements may react with the nitrogen

to form hard nitrides, for example, Titanium nitrides (TiN) or Aluminium nitrides (AIN). Their
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presence is not depicted in this work because probably of the small size of this precipitated and

there amount, not detected by the experimental tools used.

In the sub-layer, the hardness of the two samples decreases slowly to the bulk value. These
results show that the subsequent nitriding treatment does not affect the sub-surface hardness
imparted to the material by SMAT. This is consistent with the work of Roland et al.(Roland et al.
2007)where it is shown that the AISI 316L nanometer scaled microstructure is retained up to

600 °C.

To investigate the influence of nitriding at 350 °C on the microstructure obtained by the SMAT
in the sub-surface, complementary analysis of the microstructure were done using EBSD technique.
Data post-treatment allowed the study of the induced defects density in the form of GND. The GND
density is used in this case to observe the stability of the structure after nitriding at 350 °C. The
GND densities are displayed in Fig. IV. 7following the given colours code. For densities smaller
than 10% of the maximum, the colour code was not used and the band contrast was simply plotted.
The red zones are those with high GND density, while very low GND density corresponds to the
blue ones. The average value of GND density was calculated from 3 EBSD maps. From these maps,
after SMAT and SMAT+PN (Fig. IV. 7a and ¢), the affected depths as well as the level of the GND
density seem quite similar, which probably mean that the nitriding treatment does not lead to a
decrease of the defects and of the new grains boundaries induced by the SMAT. For the only
nitrided sample (Fig. IV. 7¢), the nitrided layer contains higher GND density in comparison with the

initial material, due to the plastic deformation induced by the nitrogen insertion.

To compare these samples quantitatively, the average GND density evolutions are shown in
Fig. IV. 8 as a function of the distance from the top surface towards the material. These evolutions
are given in linear scale (Fig. IV. 8a) as well as in log-log scale (Fig. IV. 8b) in order to observe
more clearly the evolution near the top surface. From this figure, it is observed that the nitrided
sample presents an average GND density of about 4. 107 pm™until about 3 um in depth, which is
higher that the untreated sample GND density (~ 2. 10”um™"). From this depth, the GND density

decreases quickly to reach the initial level at about 5 um.

For the SMAT-ed and SN samples, within the first 5 microns, the calculation of the GND
density is not precise, as the indexation rate in this zone is very low (sub-micron zone as described
in Chapter II). From a depth of 10 um, the average GND densities of the two samples remain
constant and similar (in a range of 6 to 8. 107 pm™), until a depth of about 70 pm, then decreases

continuously to reach the initial level at a depth of about 250 pm. These results show that the
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defects induced by the SMAT are not affected by the nitriding post-treatment of nitriding (at 350

(c)
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Fig. IV. 7: GND density maps of the (a) SMATed, (b) Nitrided and (c) SN samples.
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Fig. 1V. 8: (a) Linear and (b) log-log evolutions of the average GND density as function of the distance from
the top surface for the three treated samples.
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LS. Summary
In conclusion, three essential results are revealed:

(1)The hardness of the subsurface is not affected by the Nitriding temperature (350 °C). This is
believed to be due to the absence of recrystallization and grain growth during the nitriding process

of the SMAT deformed microstructure.

(i1) The SMAT apparently does not enhance the nitrogen diffusion and leads to the formation of
thinner (in comparison with the only nitrided sample) and non-continuous nitrided layer. This is
probably due to the contamination by the Sonotrode (Ti, Al and V), the chamber (Cr) and the balls
(Zircon). Actually, these elements may limit the diffusion of nitrogen in the AISI 316L matrix.

(ii1) A considerable increase of the top surface hardness of the SMAT+Nitrided sample (~720
HV) by a factor of more than 2 in comparison with the only nitrided one (~360 HV) is observed.
This enhancement could not be explained by a simple cumulative effect of the SMAT and the

nitriding treatments. A more complex combination of the effect of each treatment may exist.

(iv) This increase of hardness may be due to formation of hard nitrides (such as TiN or AIN)

after the reaction of nitrogen with the contamination elements induced by the SMAT.
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II. Plasma Nitriding after surface “cleaning” by electro-polishing

II. 1.  Experimental conditions

4 samples are selected for this investigation: 2 treated with balls in 100Cr6and 2 other with
balls in Zirshot. Unfortunately, no samples treated at identical conditions as the ones in the previous
chapter (section I) are available. Samples treated for a quasi-similar duration are then used. All the

conditions used are summarized in Table IV. 2.

Balls SMAT conditions
Diameter | Weight Amplitude | Treatment ;’ibrating Distance
Reference Nature of vibration duration requency | Sonotrode —
(mm) (2 (um) (min) 1
(kHz) sample (mm)
DI1A60TS 7.6 5
100Cr6 steel
D1A60T17 7.6 17
1 60 20 30
DI1A60TSZ 5.9 5
Zirshot
D1A60T17Z 5.9 17

Table 1V. 2: The samples used for the plasma nitriding after surface electro-polishing.

The SMAT-ed surfaces are partially subjected to electro-polishing before PN in order to
remove the surface contamination and also to understand the effect of the highly deformed structure
(present at the top surface of SMAT-ed samples) on the nitrogen diffusion. Two electro-polishing
conditions are used: 60V for 20 and 60 seconds, each condition in one side of the sample, as shown
inFig. IV. 9. The choice of these parameters was done after testing several conditions to obtain a
smooth surface and without pitting. After polishing for 20 and 60s, a layer of about 10-15 pm and
about90 to 110 pm are removed respectively, and all the samples are nitrided (at the same time)
under a temperature of 350 °C for 8h. As mentioned, the samples analyzed in this part are treated
almost at the same conditions as the samples analyzed in Chapter IIl. Therefore, Fig. IV. 10,
showing the evolution of the average GND density from the top treated surface, is used to estimate
approximately the surface defects density state after the electro-polishing. This figure is issued from
Chapter III because no GND analysis was carried out on the samples studied in the present section.
It is observed that for the short electro-polishing duration (20s), the samples surfaces correspond to
the transition zone, while for higher the duration (60s), the surface structure corresponds to the

deformed zone one. The so-called “UFG” zone is removed after the electro-polishing.
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Raw-SMAT-ed zone

60V-20s

60V-60s

Fig. IV. 9: Schematic figure of the electro-polished zones on the surface of the SMATed sample.
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Fig. IV. 10: Evolution of the average GND density from the top treated surface of the AISI 316L samples
treated under the amplitude of vibration of 60 um and representation of the surface position after “electro-
polishing”. In black and gray hatchings after 20 s and 60 s of electro-polishing, respectively.

II. 2. Investigation of the surface microstructure and of the formed nitrided layer

Fig. IV. Ilgives the XRD patterns of the different zones of all the nitrided samples. After
nitriding, it is observed -for all the samples-that the polishing step leads to the formation of yy peaks
of higher intensity. It can also be seen that yn diffraction peaks of the SPN zones are shifted to
lower angles, which must be associated to higher nitrogen content in the yn layer. Actually, higher
nitrogen content increases the lattice parameters (an) and thereby the interplanar distance (d). It

corresponds to a lowering of the scattering angle 6 used in the Bragg’s law.
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To describe the evolution of yy layer thicknesses from these XRD results, the relative intensity
I'yn/ly is used. Iyn and Iy intensities correspond to the air under the peaks. Actually, the XRD signal
is issued from both the yy layer and the substrate y, and as the diffraction volume of the sample (y~ +
v) is identical for a given 20 position, the Iyn/Iy indicates then the contribution of each related
zones. The results are given in Table IV. 3. It is clearly observed that the raw-SMAT-ed nitrided
zones present the lowest value of Iyn/Iy. This indicates that more intensity is coming from the
substrate (y-phase), so a thin nitrided layer is formed. In addition, these results also show also that
for the samples SMAT-ed for a long duration (17 min), the SN regions present a very low Iyn/Iy
(0.13 for the DIA60T17 and 0.06 D1A60T17Z samples). In the zones polished during 20 and 60s
before PN, the Iyn/Iy values are higher and quite similar. This shows that the formed yn layer is

thicker.
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Fig. IV. 11: XRD patterns of the samples treated with (a and b) 100Cr6 samples and (c and d) with Zirshot
balls for 5 and 17 min then nitrided.
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Iyn/Iy (peaks area ratio) - (111) peak
SN SP20sN SP60sN
D1A60TS (Fig. IV. 11a) 0.35 1.53 1.27
%. DIA60T17 (Fig. IV. 11b) 0.13 0.84 0.92
(cic D1A60TSZ (Fig. IV. 11c¢) 0.26 1.06 1.10
D1A60T17Z (Fig. IV. 11d) 0.06 0.83 N. A.

Table IV. 3: Calculations of the intensity ratio IyN/Iy for the (111) peak of all the samples.

Another interesting result that can be extracted from these XRD patterns results is the effect of
SMAT duration on the surface contamination. Actually, after nitriding of the raw SMAT-ed
samples, the background noise intensity when the SMAT duration increases. It can also be observed
in Fig. IV. 11b and d that the background noise decreases after polishing steps of 20 and 60s. This
effect was previously described in Chapter III, where it was attributed to the surface contamination

by the Sonotrode elements (fluorescence induced by the presence of Ti).

(@)
Fig. 1V. 12: SEM cross section images showing the nitrided layer in the case of (a) the raw SMAT-ed surface

nitrided, (b) SMATed+electropolishing for 20s+ nitrided and (c) SMATed+electropolishing for 60s~+
nitrided. The sample was treated with 100Cr6 balls for 17 min.

From these XRD results, it is clear that the nitrided layer thickness depends on the surface
structure. To compare the 4 treated samples, the thicknesses of nitrided layers are firstly estimated
from SEM observations (Fig. IV. 12). The raw-SMAT zone presents a high density of defects and a
discontinuous nitrided layer (Fig. IV. 12a), similar to the one observed in the first section of this
chapter. After polishing for 20 and 60s (Fig. IV. 12b and c, respectively), the nitrided layer is
continuous and uniform. Logically, the microstructure of the sample polished for 20s is less

deformed and the initial grains shape can be easily seen.

The evolution of the nitrided layer thicknesses for the different SMAT conditions are
summarized inFig. IV. 13. For the samples treated with the 100Cr6 balls for 5 minutes, the nitrided
layer in the raw SMAT-ed region has the lowest thickness (~ 1.3 um). The polishing for 20 and 60s
results in the formation of thicker nitrided layers, reaching about 1.6 and 1.7 pm, respectively.

When the treatment duration increases (17 min), the nitrided layer is very thin in the raw SMAT-ed
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region (< 1 pm), and then the thickness increases slightly after polishing for 20 and 60s, to reach

about 1 um.

For the sample treated with balls in Zirshot, the nitrided depths for all the conditions (in
comparison with the samples treated with 100Cr6- balls) are quite thinner at low SMAT duration
and similar when the treatment duration is 17 min. However, similar tendency is observed after
successive polishing. In fact, for the treatment duration of 5 min, the nitrided depths change very
slightly (1 to 1.5 pm), and for a treatment duration of 17 min, the depth increases from about 1 pm

(in the raw SMAT-ed sample) to about 1.2 pm (in the 60s-polished zone).

It should also be noted that these values are always below the thickness of the nitrided layer
formed on the surface of untreated AISI 316L (at 350 °C for 8h), which is around 2 pm. This is
probably due to the surface preparation method. In the present study, the samples cross-section were
simply mechanically polished until a mirror-like finish (1 um diamond paste) then polished by
Oxide Polishing Suspension (OP-S) for 30 min.

3.0

[ ]Raw SMAT-Nitrided

1 o B f
1.0-— 77777 /T Il 1 / ,,,,,, |
054 | L 77 / ,,,,, Zn

0.0 % @

5 min 17 min 5 min 17 min

100C6 balls Zirshot balls

Fig. IV. 13: The evolution of the nitrided layer thickness as function of SMAT parameters and surface
electro-polishing parameters.

To depict more precisely the thickness of the nitrided layer, other techniques are used.Fig. IV.
14shows for example the nitrogen concentration measured by Glow Discharge Optical Emission
Spectroscopy (GD-OES) for the sample treated with the 100Cr6 balls for 5 minutes. The tendency
is quite similar to the one observed by SEM and XRD. The thicknesses depicted by GD-OES are
more important in the raw SMAT-ed and 20s polished zones, where the nitrided depths reach about
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2.5 and 3 pm, respectively (~1.2 and 1.6 pm estimated by SEM observations). Thicknesses
determined by GD-OES are maximum thicknesses because such measurement is performed over
several grains on large area. This result confirms the XRD observations, where the yn peaks shift to
lower angles after polishing for 20 s (higher nitrogen content = increase of the lattice parameter =

lower diffraction angle).

35

T T T T T T T T T I T I T I T I T I
100C6 balls/5min Raw SMAT + nitriding
30 —— SMAT+ EP 20s + Nitriding

25

20

15

N concentration(at. %)

O EL s S e e
o 1+ 2 3 4 5 6 7 8 9 10

Distance from the surface (um)
Fig. 1V. 14: Nitrogen concentration profiles in the raw SMAT region (Black line) and after polishing for 20 s
(Red line) for the sample treated with 100Cr6 balls for 5 min.

IIL. 3. The surface hardness evolution after Surface polishing

The surface hardness of the different regions (raw SMAT-ed, polished for 20s and 60s then

nitrided) is measured using different loads (25> 500 g). The results are summarized in Fig. IV. 15
and Fig. IV. 16.

- Samples treated with 100Cr6 balls:

For the sample treated with the 100Cr6 balls for 5 min (Fig. IV. 15a), the hardness of the raw
SMAT-ed zone then nitrided has the highest hardness, reaching about 600 HV at the extreme
surface and decreases to reach about 450 HV at a depth of about 6.5 pm. For the regions polished
for 20 and 60s, the hardness is lower than the raw SMAT-ed region one. However, it remains high
in the 20s polished zone (>400 HV) in comparison with the 60 s polished one, as the latter is less
deformed (less defects after polishing).

When the SMAT duration is increased to 17 min, the hardness of the raw SMAT-ed nitrided
region reaches about 650 HV (near the hardness obtained after SMAT+PN inFig. IV. 15b). The
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hardness of the region polished for 20s remains quite similar to the sample treated for 5 min (in Fig.
IV. 15a), while it is higher in the region polished for 60s and nitrided. It may be maybe explained
by the presence of defects at this depth, in comparison with of the sample treated for a low SMAT

duration, where the overall affected layer is thinner (Chapter I1I).
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Fig. 1V. 15: Surface hardness evolutions of the samples SMAT-ed with 100Cr6 balls prior to nitriding. Two
SMAT durations: (a) 5 min and (b) 17 min.

- Samples treated with Zirshot balls:

For the samples treated with the Zirshot balls, the surface hardness of the three regions is lower
than the one of the samples treated with the 100Cr6 balls. At low SMAT duration (Fig. IV. 16a), the
hardness of the raw SMAT-ed Nitrided region reaches about 500 HV at the extreme surface and
then decreases to reach about 375 HV for an indentation depth of 7 um. The polishing of the surface
for 20s before nitriding results in a significant decrease of the hardness, where it reaches about 375
HYV and then decreases until about 300 HV corresponding to an indentation depth of 8§ um. When
the surface is polished for 60s, it is observed that after nitriding, the surface hardness reaches about
360 HV at the extreme top surface and then decreases to about 280 HV. These hardness values are
slightly lower than the 20s polished sample, but remain higher in comparison with the samples

treated for 5 min (thinner deformed layer).

For the treatment duration of 17 min, the results are given in Fig. IV. 16b. The nitrided raw
SMAT-ed region has a highest hardness reaching more than 500 HV and remains constant until an
indentation depth of about 3 um then decreases to about 450 HV (for an indentation depth of about
6 um). In the SMAT-ed20s-polished zone, the hardness decreases to about 470 HV at the extreme
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surface and then stabilizes at a depth of 3 um (~400 HV). However, the surface hardness is only
increased to about 350 HV within less than 4 um then decreases to about 300 HV in the 60s-

polished zone (less deformed layer in comparison with the 20s polished zone).
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Fig. IV. 16: Surface hardness evolution for samples treated with Zirshot balls.

11. 4. Discussion

The investigation of the raw SMAT-ed surface (in Chapter III) has confirmed the presence of a
contamination “layer” on the top surface, composed of elements coming from the sonotrode (Ti, Al
and V), the chamber (Cr) and the balls (Zr). The presence of these external elements blocks the
diffusion process of the nitrogen and thereby leads to the formation of a non-continuous nitrided
layer (continuous only in the zones where no contamination occurs). This phenomena was observed
in the literature for the ball milling process(Chemkhi et al. 2013), where the AISI 316L was
oxidized leading to decreasing the nitrided layer thickness. The same kind of oxides was observed
on the surface of the AISI 316L(Waltz et al. 2011). In the present work, the electro-polishing allows
to remove the contaminated layer and partly conserve (only after polishing for 20s) the deformed
structure induced by SMAT, leading to higher surface hardness. However, the nitriding kinetics in
not improved after the removal of the contamination layer in contrary to what was observed by
Thiriet et al. (Thiriet et al. 2012). It is not clear for the moment why the nitriding kinetics is not
improved in our study, but the plastic deformation state is probably different from the one reported

by Thiriet et al.
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I11. Conclusions of Part I

In this first part, the activation of the AISI 316L surface by SMAT before plasma nitriding was
investigated. It was revealed that the nitrogen diffusion is not enhanced when the raw SMAT-ed
surfaces are directly nitrided. Even after an intermediary step of polishing to remove the
contamination layer formed during the SMAT, the nitrided depths remain smaller than the one of

the nitrided material without SMAT.

It was also observed that the surface hardness is significantly increased after the duplex —
treatment SN even if the nitrogen diffusion is not enhanced. It reaches about 700 HV (HV25) at
the extreme surface after SN, while it is about 360 HV after only Nitriding or SMAT. In addition,
the subsurface hardness after SMAT remains quite similar after Nitriding at 350 °C for 8h. Using
the GND as plastic deformation indicator, it was proved that the defects density induced by SMAT
remains constant after Nitriding. This was attributed to the lack of recrystallization and grain
growth during the nitriding process (350 °C, much lower than the microstructure recrystallization
and recovery temperatures). This increase of hardness was not simply a cumulative effect (addition
of the SMAT and nitriding hardening contributions). More complex processes, such as reaction of
nitrogen with the surface contamination elements leading to the formation of hard nitrided, such as
TiN or AIN. However, why believe that the plastic deformation state after the SMAT+PN duplex

treatment can have a major rule in increasing the surface hardness.

Furthermore, it was observed that the SMAT-ed surface polished before nitriding results in a
decrease of the surface hardness, essentially for the samples treated for a low SMAT duration (5
min). Actually, as the overall affected depth of these samples was not very important, and the
polishing removed the layer containing a high density of defects, and thereby, the low increase of
the surface hardness was only due to the contribution of the formed nitrided layer. When the SMAT
duration is higher (17 min), the surface hardness of the SPN regions is lower than the SN one, but

remains higher than the only SMAT-ed sample.

All these results show that removing the contaminated layer can enhance the nitrogen diffusion
as compared to rough SMAT-ed samples (example inFig. IV. 13), leading to the formation of
thicker nitrided layer. However, the thickness of the nitrided layer for SMAT-ed+nitrided samples
is always thinner than the initial material nitrided one. Even if the surface hardness is decreased in
comparison with the SN regions, the obtained hardness after SPN is still higher than after only
SMAT or nitriding. Therefore, the SMAT increases significantly the surface hardness and could

also be a promising surface activator before nitriding to enhance both the diffusion of nitrogen, but
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it should be optimized to obtain a convenient microstructure (continuous nitrided layer) and “clean”

surface (no contamination by the balls and sonotrode elements).
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Part. 2.  Investigation of other surface activation processes before nitriding of
the AISI 316L: Cold Rolling (CR) and High Current Pulsed Electron Beam
(HCPEB)

Part. 1. showed that the surface activation by SMAT does not automatically lead to the
enhancement of nitrogen diffusion in AISI 316L. This was essentially attributed to the surface
contamination by the sonotrode elements (Ti), which may slow down the nitrogen diffusion. In this
part, the surface activation by SMAT will be firstly substituted by the Cold Rolling (CR), which is a
simple deformation treatment, and then by the thermo-mechanical treatment “High Current Pulsed
Electron beam”. The effect of these pre-treatments on the microstructure and the nitrided depths of

the AISI 316L will be investigated. The surface hardness evolution is also detailed.

I. The effect of cold rolling on the nitrogen diffusion and surface hardness of the

AISI 316L

I 1. The experimental conditions

The studied material is the same as in the last part: AISI 316L with the same composition (see
chapter II for more details). The specimen are25 mm in diameter and 8 mm thickness. The surfaces
of all the samples were mechanically polished until a mirror like finish (1 pm diamond paste) then
cold-rolled at different rolling reduction of 45, 55 and 75 %. The samples were then nitrided at 350

°C for 8 hours. The conditions of cold rolling and nitriding are summarized in Table IV. 4.

Rolling reduction (%)

0 45 55 75
The Nitriding 350°C/8h
conditions

Table 1V. 4: The cold rolling and plasma nitriding treatment conditions.

Prior to nitriding, all the surfaces were again mechanically polished to remove the layer where
a high shear stress is present. The surface state is verified by the pole figures measurement by XRD.
Fig. IV. 17 presents the y-(111) pole figure evolution for the different rolling reduction ratios. It can
be seen that it is typical cold-rolling texture of fcc metals and no shear component is depicted,

which confirm the effect of polishing to remove the induced sheared layer.
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Fig. IV. 17: The (111) pole figure evolution of the upper surface after (a) 45%, (b) 55% and (c) 75 % of cold
rolling reduction. ND is in the center and RD is pointing down in all figures.

I.2. The nitrided layer evolution of the CR-N samples

Fig. IV. 18 shows the 0-20 patterns of the CR and CR-N samples. Before nitriding, as shown in
Fig. IV. 18a, only the peaks corresponding to the y-phase are depicted. No peak corresponding the
martensite/ferrite phase is revealed. A broadening of the y peaks is also observed after CR. This is

due to the grain refinement and plastic deformation.

After nitriding of the CR samples, the XRD patterns, given in Fig. IV. 18b reveal the presence
of the expanded austenite yn. The samples rolled for 45 and 55 % then nitrided present higher yx.
peak intensity in comparison with the only nitrided one. This intensity is even higher when the
rolling reduction is 75 %. The CR45%-N and CR55%-N samples seem to have the same nitrided
layer thickness, while a thicker nitrided layer seems to be formed on the surface of the CR75%-N

sample.
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Fig. 1V. 18: X-ray diffraction patterns of (a) the Cold-Rolled and (b) the cold rolled+Nitrided samples.

To confirm these results, cross sectional observations were carried out. Fig. IV. 19 gives the
microstructure morphology of the four treated samples, and Fig. IV. 20 summarizes the thicknesses
of the nitrided layers estimated from these observations. In Fig. IV. 19a, a continuous nitrided layer
of about 2um is formed on the coarse grains of the only nitrided sample. For the sample CR45%-N
(Fig. IV. 19b), the initial grains are visible but contain high density of defects. The nitrided layer
formed on the surface of this sample is about 3 pm in thickness. When the rolling rate is increased
to 55%, the initial grains are not visible anymore, and a very high density of defects can be clearly
seen inFig. IV. 19¢c. However, the nitrided layer seems to have similar thickness as the one of the
CR45%-N. When the reduction rate further increases, the structure is more deformed and contains
logically very high defects density, as shown in Fig. IV. 19d. It is also observed that the nitrided

layer formed on this sample surface is thicker (~ 4 pm).

From Fig. IV. 20, it is clearly observed that the nitrided thickness is strongly increased when
the material is subjected to CR before nitriding. The nitrided thickness was increased by a factor of
about 45 % when reduction rates of 45 and 55 % are applied. The thickness is further enhanced

when a very high reduction rate is used (75%) when it is increased by about 95 %, reaching 4.2 um.
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Fig. 1V. 19: Microstructure of the surface layers formed on the AISI 316LSS after nitriding of (a) an
untreated material and cold-rolled samples with a rolling reduction of (a) 45 %, (b) 55% and (c) 75 %.

As mentioned previously, the thickness of the nitrided layer revealed by SEM observations is
underestimated. To depict it more precisely, GD-OES analysis is carried out and the nitrogen
content evolution as a function of the distance from the top surface is given inFig. IV. 21. Similar
trend, as the one observed after SEM observations (Fig. IV. 19 and Fig. IV. 20), can be seen. As
expected, thicker nitrided layers are measured. For the nitrided sample (black line), the nitrogen
diffusion reaches about 2 um. The highest nitrided depth is obtained on the sample deformed with a
rolling rate of 75% prior to nitriding (pink line), where the thickness reaches about 4.5 pm more
than two time higher than the only nitrided one). The samples deformed with rolling rates of 45 and

55 % have intermediary nitrided layer thickness of approximately 3,5 um.

It should also be noted that the nitrogen concentration in the top surface is different between the
initial and CR nitrided samples, as observed inFig. IV. 21. Actually, the nitrogen concentration
reaches more than 30 at. % on the surface of the initial nitrided sample, but on the CR-N samples,
this concentration is around 25 at. %, and the diffusion depth is much higher than within the initial
nitrided sample. The CR45%-N and CR55%-N samples present quite similar nitrogen profiles,
which is consistent with the cross section SEM observations where the nitrided layer thickness for

both samples was about 3 pm.
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Fig. 1V. 20: The evolution of the nitrided layer thickness as function of the rolling reduction.
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Fig. 1V. 21: In-depth GD-OES profiles of nitrogen for the all the nitrided samples.

L. 3. The surface hardness evolution after the CR-N duplex treatments

In order to investigate the influence of the duplex treatment CR-N on the mechanical properties
of the treated material, the surface hardness was measured using the same procedure as for the
SMAT-Nitrided samples (surface indentations using different loads 25g — 500g). The results are
summarized inFig. IV. 22. One can notice that for the only nitrided sample (black curve), the
hardness was increased to about 325 HV, and remains higher within the first 3-4 um (corresponding

approximately to the nitrided layer thickness) than the initial level (~ 180 HV).
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Fig. IV. 22: Surface hardness evolution after cold rolling + Nitriding measured using different indentation
loads.

The CR coupled with nitriding seems to have an important effect on the hardness from the
lowest rolling reduction. Actually, for the CR45%-N sample (red curve), the surface hardness is
about 660 HV, almost 220% higher than the only nitrided sample one. As the indentation loads

increase, the hardness decreases to reach finally about 400 HV (for the highest indentation load).

When the rolling reduction is increased to 55% before nitriding, the hardness further increases
as observed in the blue curve. The extreme surface hardness is about 675 HV then decreases to
about 450 HV for the maximum indentation load, quite similar to the surface hardness of the

CR45%-N sample (~ 660 HV).

The highest hardness is obtained on the surface of the CR75%-N sample, where it reaches
about 740 HV on the extreme top surface and then decreases to about 520 HV for the highest

indentation load (at about 6 um).

In comparison with the SMAT+PN duplex treatment, the hardness decreases more “slowly”
when the indentation load increases. This is due to the fact that the nitrided layer is thicker after

nitriding of cold-rolled surfaces.

In addition, as for the SMAT+PN treatment, the hardness after the CR+N duplex treatment is also
not simply cumulative. This can confirms that this increase of hardness is not related to the surface
pollution and an eventual reaction of nitrogen with the contamination elements (formation of TiN,
AIN). Another effect, related to the plastic deformation state, should be responsible for the increase

of the nitrogen diffusion. This effect can be more easily studied and understood using the cold
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rolling as surface activator, because the surface strengthening by this process is easier to control

than by SMAT.
I. 4. Summary

The experimental results presented in this section give the evolution of the nitrided layers
thickness and the surface hardness after the duplex treatment CR-N. Prior to nitriding, the samples
were rolled using three reduction rates (45, 55 and 75 %). The SEM observations show that a
continuous nitrided layer is formed on the surface of the four treated samples, and that the thickness
increased with an increase of the rolling reduction. The nitrided depths of the samples cold-rolled

under 45 and 55%ratios have quasi-similar thickness. The nitrogen content profiles (measured by

GD-OES) confirm this trend.

In addition, the extreme surface hardness of CR-N samples presented an important
enhancement. In comparison with the only nitrided sample, the hardness was increased by about
220 % for the samples with rolling reductions of 45 and 55 %, and by about 240 % for the sample
rolled for 75%.

As for the SMAT, the final increased hardness is not only a cumulative effect of the CR and
nitriding hardness. This enhancement is also probably related to the plastic deformation state after
the CR process. It is not to the formation of nitrides such as TiN or AIN, as during the cold rolling,

no contamination by the Ti and Al or other elements is induced.

166



Chapter 1V: Effect of surface activation by mechanical (SMAT and cold-rolling) and by thermo-mechanical (HCPEB)
on the nitriding diffusion and the surface hardness of the AISI 316L stainless steel

II. Plasma-Nitriding of the AISI 316L surface activated by the thermo-mechanical

treatment “High Current Pulsed Electron Beam”

In this last section, a new surface activation before plasma nitriding will be investigated.
Actually, as shown in this chapter, the SMAT induces a surface contamination by the sonotrode and
chamber elements, leading to decrease the nitrogen diffusion in the surface of the AISI 316L. On
the other hand, the cold rolling gives interesting results in term of surface-activator before plasma
nitriding. However, the shape of the samples to be treated limits this process. In the case of complex
shapes in the industrial applications, the use of this process is impossible. Therefore, in this section,
a recently developed technique of surface treatments, the High Current Pulsed Electron beam
(HCPEB), is suggested as a new surface activator. It has different advantages firstly to treat parts of
different shapes, and second to avoid direct contact with the treated surface. The effects of this

process on the nitriding diffusion of the AISI 316L are detailed in the following paragraphs.
II. 1.  Materials and HCPEB experimental conditions

As mentioned in the “Materials and Experimental techniques” chapters, two grades of AISI
316L are subjected to the HCPEB treatment: the “conventional” AISI 316LM and the AISI 316LS
grade more rich in Sulphide. The last grade contains Manganese Sulphides (MnS), which give very
consistent machining characteristics to the alloy. The presence of these sulphides will allow the
formation of higher density of craters on the surface during the HCPEB treatment. More details
about the materials studied and the typical microstructure modifications after HCPEB are given in
Chapter I. In the present work, the samples are treated for 20 pulses under 2 accelerating voltages:

19 kV and 27 kV.

The chemical compositions of the two 316L grades used in this part are given in the tables
below (Table IV. 5). It should be noted that the Ni content in the AISI 316LS in significantly low in
comparison with the AISI 316LM one, which can affect the stability of this alloy during surface

treatment. The (y—=>a') phase transformation is then possible.

316LM wt. %

Fe C Mn Si S P Cr Ni Mo Cu Co N2
62.724] 0.02 | 1.79 | 0.38 k0,004 0.02 | 17.43| 14.7 | 2.74 | 0.16 0.04
(a)
316LS wt %

Fe C Mn Si S P Cr Ni Mo Cu Co N2
68.184] 0.020] 1.520| 0.524| 0.028| 0.027| 16.700| 10.140] 2.080| 0.522| 0.203| 0.052

(b)

Table 1V. 5: The chemical composition of the two AISI 316L grades studied in the present section.
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II. 2. Microstructure modifications and nitrided layer thickness evolution

The HCPEB treatment induces modifications in the microstructure morphology of the surface
layer. XRD analyses are then carried out on the surface of the different samples before and after
HCPEB and the results are grouped in the figure here after (Fig. IV. 23). It can be clearly observed
inFig. IV. 23a that the microstructure remains formed bythe y-phase after HCPEB under low and
high accelerating voltage, while in the case of the AISI 316LS, a new peak corresponding to the
transformation martensite (a') appears clearly. The formation of these phases will probably modify
the diffusion during the post Plasma Nitriding treatment.
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AlS|1316LM

AISI1316LS.

v(111)
v(111)

T
o' (110)
¥(200)
1

Intensity (a. u)
v(200)
Intensity (a. u)

HCPEB 19 kV A

HCPEB 19 kV J\\
j\\ Initial A Initial AN
" 1 N 1 N 1

(a) (b)

Fig. 1V. 23: XRD pattern of (a) the AISI 316LM and (b) the AISI 316LS before and after treatment by
HCPEB.

To observe the evolution of the formed microstructure and the nitrided layer thickness, SEM
observations are given inFig. IV. 24. The associated estimations of the thicknesses are presented
inFig. IV. 25. For the AISI 316LM (Fig. IV. 24a to c), after nitriding of the initial material, a
continuous nitrided layer of about 2 um is observed. However, the thickness of the nitrided layers
formed on the surface of samples pre-treated by HCPEBseems to increase, reaching approximately

2.8 and 3 pum under low and high energy, respectively. Concerning the AISI316LS, the nitrided
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layer formed on the initial material (Fig. IV. 24d) and pre-treated sample at low energy (Fig. IV.
24e) is continuous and has almost the same thickness as the AISI 316LM sample (~ 2.3 on the
initial sample and 2.7 um for the pre-treated HCPEB sample then nitrided). However, when the
sample is pre-treated under high energy (Fig. IV. 24f), the formed nitrided layer is thinner (~ 2 um).

In addition, it should be noted that the surface after the HCPEB treatment of the AISI 316LS (as
observed in Fig. IV. 24e and f) presents more important roughness than the AISI 316LM one. This
is due to the higher density of craters formed on the surface of the AISI 316LS as it contains a high

density of manganese sulphides.

Initial Nitrided 19kV + Nitrided 27kV + Nitrided

Fig. 1V. 24: Cross-section microstructure after nitriding of (a, b et c) the AISI 316LM and the 316LS (d, e
and f) before and after the HCPEB treatment. The nitrided layer can be seen at the extreme top surface.
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Fig. 1V. 25: Evolution of the nitrided layer thicknesses as function of the accelerating voltage used for the
HCPEB treatment of the AISI 316LM and 316LS stainless steels.

Fig. IV. 26 summarizes the nitrogen concentration measured by GD-OES. It is shown that for
the AISI 316LM (Fig. IV. 26a), the HCPEB treatment under 19kV of accelerating voltage leads to
the increase of the nitrided layer thickness, where the thickness reaches approximately 3.5 pum
(about 2.5 pm for the initial nitrided sample). This thickness further increases when the accelerating

voltage is higher (27kV) to reach approximately than 4 pm.
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Fig. IV. 26: Nitrogen profiles of the (a) AISI 316LM and (b) AISI 316LS samples after nitriding and HCPEB-
N treatments.

For the AISI316LS (Fig. IV. 26b), the initial and the treated under 19kV of accelerating voltage

samples present quite similar evolution as compared to the AISI 316LM. The initial nitrided
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material presents a nitrided layer of about 3 um in thickness. This thickness in increased when the
material is treated by HCPEB (19kV) and reaches about 4pum. When the HCPEB energy is higher
(Blue line - 27kV), the diffusion depth seems to be quite identical to the 19 kV-N one, but less
nitrogen content in present in the nitrided layer (blue curve below the red one in the 2 - 4 um

range).

The HCPEB treatment before PN enhances then the nitrogen diffusion in the AISI 316LM
surface under low and high energy, but an improvement of diffusion is observed only under low
energy in the case of the AISI 316LS grade. It is now interesting to observe the effect of surface
activation by the HCPEB on the mechanical properties of these AISI 316L surface grades. In the

next section, the evolution of the surface hardness and residual stress are investigated.

11. 3. Evolution of the surface hardness and residual stress

II. 3. 1. The surface hardness evolution

As described in Chapter I, the HCPEB treatment leads to the surface and subsurface hardness
modification, due to surface melting (formation of new phases) and the propagation of the stress
wave. In the present work, the surface hardness of the HCPEB treated samples is investigated

before and after nitriding. The results are given inFig. IV. 27.

After only the HCPEB treatment, the extreme surface hardness of the AISI 316LM (Fig. IV.
27a) -for both acceleratingvoltages- is quite lower (about 170 HV) than the initial hardness (200
HYV). The initial material hardness is reached quite quickly at about 3 um (27 kV accelerating
voltage) and 4 um (19 keV).

For the AISI 316LS, the hardness evolutions are somewhat different (Fig. IV. 27b). Actually,
after the HCPEB under 19kV, the surface hardness remains almost similar to the initial material one
(~ 200 um). However, the treatment under 27 kV of accelerating voltage results in (i) a softening of
the material near the extreme top surface, where the hardness decreases to about 170 HV, and (ii) an
enhancement of the hardness in the subsurface, where the hardness reaches about 250 HV at about
5.5 pmof indentation depth, and remains quite higher (~ 215 HV) than the initial material at about
9.5 pm.
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Fig. 1V. 27: Surface hardness evolution of the AISI 316LM and AISI 316LS after (a, b) the HCPEB treatment
and(c, d) after the duplex treatment HCPEB-N.

After the HCPEB-N duplex treatment, the surface hardness is increased in comparison with the
PN nitriding treatment. For the AISI316LM (Fig. IV. 27c¢), the surface hardness reaches about 340
HV after the PN, then decreases continuously to reach almost the initial material hardness at a depth
of 9.5 um. After the HCPEB(19kV)andnitriding, the extreme surface hardness is higher (~ 360 HV)
and decreases slightly to stabilize at 310 HV foran indentation depth of 3.5 um. When the HCPEB
energy is higher (27 kV), the extreme surface of the HCPEB27kV-N sample exhibits a higher
hardness (~400HV), which remains higher than the HCPEB19kV-N until a depth of about 4 um and
then decreases to about 250 HV.

For the AISI 316LS grade (Fig. IV. 27d), the surface hardness seems to be lower. For the initial

nitrided sample, the hardness evolution is relatively identical to the AISI 316LM one. The extreme
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surface hardness is about 300 HV (lower than the AISI 316LM), then decreases continuously to
attain approximately the initial material hardness (200 HV at a depth of 9.7 um). However, for the
two samples treated by the HCPEB-N duplex treatment, a ‘softening’ effect appears at the extreme
surface. For the HCPEB19kV-N sample, the extreme surface hardness is about 250 HV, and
increases to reach a maximum at about 2.3 pm (~ 330 HV), then decreases continuously to join the
surface hardness of the initial nitrided sample. The same tendency is observed on the surface of the
HCPEB27kV-N sample, where the hardness increases from 340 to 360 HV at the top surface (< 3

um), then decreases and follows somewhat the initial nitrided sample profile.

1I. 3. 2. The evolution of the residual stress after the surface activation treatments

In addition to the microstructure modification induced by the surface activation techniques (i.e.:
the SMAT, the cold rolling and the HCPEB), and which may affect the nitrogen diffusion, the
surface residual stress changes significantly. Using XRD analysis, and more particularly the peak-
shifting, the stress state on the surface of the different samples can be determined using the

technique described in Chapter II. The error of the measurement is estimated to be £50 MPa.
(a) Residual stress after the SMAT:

The stress state of the initial material (prior to the SMAT treatment) is compressive with a main
stress component 61; = -90 MPa, and the shear components (013,013, 03,3,031,031 and 03,) are
fairly weak having their values smaller than 30 MPa:

011 O312 Oj3 —-110 -30 20
Oz1 Oz O3 |=( —30 —80 20| MPa (Initial material)

031 O3z O33 20 20 0

After SMAT and shot peening,the compressive stress is typical of the materials treated by
SMAT and shot-peening treatments(Wang et al. 1998). It is usually considered as the major factor

in increasing the fatigue strength of materials.

The analysis of the DIA60T20.00 samplefor example shows that the main stress components
011 and 0,, have quite similar values, about -330 and -380 MPa, respectively, sign of a mainly
compressive stress in the surface layer. The other shear components are weak, with values smaller
than 60 MPa:
-330 =50 20
( —-50 —380 10) MPa

20 10 0
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(b) Residual stress after the cold rolling:

On the other side, the residual stresses in the surface layers of the cold rolled samples with

regard to different reduction rations, as well as the initial stateare listed below:

-90 -10 20 250 80 -30
—10 —100 30 | MPa(Initialmaterial) 80 110 -30 |MPa (CR45%)
20 30 0 -30 =30 O

-90 130 10
130 —-20 60 |MPa (CR55%)

( —-40 140 —-130
10 60 O

140 —180 —100>MPa (CR75%)
—-130 -100 0

It is observed that for the lowest reduction ratio of the cold rolling (45 %) that surface is a tensile
state of stress, where the main stress components o;; and o,, are about 250 and 110 MPa,
respectively. However, the shear stress components are low an reach a maximum of to 80 MPa. As
the reduction ration increases, the stress state changes to a compressive one, with o, =
—90 MPafor the reduction ratio of 45 %, and o6,, = -180 under reduction ratio of 75 %. It is also
interesting to note that shear stresses components increase when the reduction ratio becomes more
important, and reaches the highest values when reduction ratio of 75 % is applied. In comparison
with the stress state of SMAT-ed sample, the cold rolling results in ‘lower’ compressive state but a

higher shear stress is clearly depicted.
(¢) Residual stress after the HCPEB:

In the case of the samples treated with the HCPEB process, the stress state is very different.
Actually, global feature of residual tensile stress is observed for two treatment conditions, and
remains at the same level when increasing the accelerating voltage, with a maximum of o4, =
280 MPa and o0,, = 300 MPa. This phenomenon has already been observed and discussed in a
previous work (Zhang et al. 2013). During the solidification process, the shrinkage of solidification
is constrained by the solid mater below the melted layer. Therefore, the resolidified layer has a
tensile state of stress.

—-190 50 40 280 50 -10 260 20 O
( 50 -—100 —20) MPa ( 50 270 10 )MPa( 27 300 20) MPa
40 —20 0 -10 10 0 0 20 O

(Initial material) (HCPEB-19 kV) (HCPEB-27 kV)

Comparing the AISI 316L treated by these different processes prior to plasma nitriding, the
stress state is different. The SMAT-ed sample surface is purely in compression, and after cold

rolling, the surface stress passes from a tensile stress state with weak shear components under the
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lowest reduction ratio, to a quite low compressive state (lower than the one obtained after the

SMAT) with high shear stress components.

At this state of the study, it is quite difficult to depict exactly the effect of the stress state on the
nitrogen diffusion. However, some assumptions can be given. As it was observed, the SMAT
induces high density of defects within a high depth, but the compression of the lattice may limit the
movement of nitrogen towards the interstitial positions, and thereby may limiting the nitrogen
diffusion and the formation of a thin nitrided layer. On the other side, the cold rolling induces
higher density of defects, as observed in the cross section observations (Fig. IV. 19), with grains
highly sheared. The compression is less pronounced with higher shear components. Finally, even if
the surface was in tension, the HCPEB introduces a ‘light’ plastic deformation in comparison with
the two previous processes (SMAT and CR). Another phenomenon that can block the diffusion of
nitrogen is the surface contamination by the carbon. Actually, during the HCPEB treatment, the
surface in contaminated by the carbon coming from the cathode, which is in graphite (the results are

not given in the present study).

To have an enhancement of the nitrogen diffusion, it seems then than severe plastic deformation
of the surface should be carried out, producing a microstructure with high density of defects, and
also a surface with low compression state and high shear stress. Further analysis should be carried

out in order to investigate more in details this problematic.
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II.4.  Summary

In this part, it was observed that the nitrogen diffusion in the surface of the AISI316LM was
increased when a prior HCPEB treatment is done. This effect was also observed in the surface of
the AISI 316LS but only when the HCPEB is carried out at a low energy (19kV). In addition, it was
found that HCPEB-N duplex treatment enhances the surface hardness of the AISI 316L.

For the AISI 316LS, on one hand, the surface activation by HCPEB allows the formation of a
thicker nitrided layer at low energy of HCPEB. On the other hand, the surface hardness increases in
the sub-surface (less than the AISI 316LM) and ‘softening” phenomena was observed at the extreme

top surface.

The surface activation by the mechanical and thermomechanical treatments lead to the
formation of a different stress state. After SMAT, a typically compressive state is obtained, while
cold rolling leads to the formation of a tensile state of stress under low reduction ratio, and a
compression stress state under the highest reduction ratio (together with the presence of high shear
stress components). After the HCPEB treatment, the rapid solidification of the melted layer leads to
the formation of a tensile stress state. These different stress states may have an important rule in the
nitrogen diffusion. In particular, the presence of shear stress after cold rolling could increase the
nitrogen diffusion. Further investigations should be done to understand the detailed effects of the

surface stress state on the nitrogen diffusion.
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I11. Conclusions of part 2

The surface activation of the AISI316L was carried out using the cold rolling process. It has
been found that thicker nitrided depths are obtained when increasing the reduction ratios, where the
thickness was 2 times higher after CR at 75 % (~ 4 um) than the initial material one. The surface
hardness was also significantly increased and reaches 660-740 HV, about 4 times higher than the
initial material hardness. In comparison with the SMAT treatment, the CR allowes to increase both
the nitrided depth and the surface hardness, without any surface contamination by elements such as
Ti, Al or V. The assumption of formation and reaction of these elements with nitrogen is then not
valid, and the enhancement of nitrogen was probably due to the imparted plastic deformation. The
effect of the latter can be easily observed and understood, as long as the strengthening by CR is

easier to control in comparison with SMAT, where many parameters interact simultaneously.

The High Current Pulsed Electron Beam (HCPEB) was also suggested as surface activator
before plasma nitriding. The advantages of this treatment are its ability to treat different samples
shapes, and also to avoid contact with the treated surface. Two grades of the AISI 316L were
treated: the AISI 316LM conventional grade, and the AISI 316LS, richer in sulphide. The second
grade was used to change the surface morphology after the HCPEB treatment (higher density of
craters). When the energy of the electron beam increased from 19 to 27 kV, it has been shown that
the nitrided layer thickness of the AISI 316LM increased also to about 2.7 and 3 um, higher than
the 2 pm obtained on the surface of the onlynitrided material. However, for the AISI316LS, the
nitrided layer increased to about 2.7 um when 19 kV energy was used, then decreased to 2 pm for
27 kV of energy of HCPEB, a thickness similar the onlynitrided material. The HCPEB under some
specific conditions seems also to be an efficient technique for increasing both the nitrided layer

thickness and the surface hardness of the AISI 316L.

Comparing the different activation techniques used in the present study, the cold rolling seems
to be the most convenient. As a matter of fact, the highest increase in the nitrogen content was
observed in the CR+ nitrided samples. The HCPEB can also be a promising technique to accelerate
the diffusion, however, further investigations should be achieved to understand the effects of the
surface stress state and also the probable contamination by carbon, issued from the cathode (in the

HCPEB chamber), which may limit the incorporation of nitrogen.
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Conclusions and perspectives

Previous works reported in the literature suggested that the nitrogen diffusion could be
increased when the materials surface was deformed using mechanical treatments, such as shot
peening or high-pressure torsion. Such a mechanical activation was used to decrease the nitriding

temperature and duration as well as to increase the nitrided depths.

One of the aims of this work was to improve our understanding of the effect of the duplex
surface activation treatment, using — to start with - the Surface Mechanical Attrition Treatment
(SMAT) on improving surface nitriding of the AISI 316L stainless steel. This work was also done
to determine the effectiveness of other alternative surface activation treatments such as cold rolling
and High Current Pulsed Electron Beam (HCPEB). While the first technique is faster and more
reliable than SMAT to introduce dislocations in elongated products, the second one can be used to
treat more complex shapes (but of small size) while avoiding any contact with the treated surface

(thus avoiding contamination by external chemical elements).

Before investigating the effectiveness of SMAT on enhancing the nitriding potential, the
effects of SMAT parameters (balls diameter, amplitude of vibration, balls nature, treatment
duration) on the microstructure modification were firstly investigated. The treatments were carried
out on the AISI 316L and AISI 660 austenitic stainless steels. Firstly, a new technique based on the
Geometrically Necessary Dislocation (GND) theory and using the Electron BackScattered
Diffraction (EBSD) data allowed to establish a new quantification method of the microstructure
formed after SMAT. This method allowed, using newly defined criteria, to determine fairly
precisely the thickness of the three characteristic zones formed after the SMAT: (i) the UltraFine
Grains zone (UFQG), (ii) the transition zone and (iii) the deformed one. For the AISI 316L, quite
similar layer thicknesses were formed after treating under 60 pm for 20 minutes and 80 um for 3

minutes.

The developed quantification technique was then applied to the AISI 660 treated with wider
range of SMAT parameters. When 1 mm diameter balls are used, it was found that increasing the
duration of the treatment resulted essentially in an increase of the transition layer thickness, sign of
higher grains fragmentation near the top treated surface, while the overall affected depth remained
quite constant. With balls of 2 mm diameter, the overall affected and deformed zones thicknesses
saturated when the treatment durations increased. Only the UFG and transition zone continued to
increase. To analyse more quantitatively the evolution of these zones as function of the SMAT

conditions, the energy imparted (cumulated energy) to the material was estimated, based on the
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balls kinetic energy and other parameters such as treatment duration and balls number. When the
energy increased, the overall affected depth increased continuously and stabilized at a given value
of about 10 J. However, it was found that the fragmentation became more important when the
energy reached about 5 J. The UFG and transition zone thicknesses remained quite constant at
energies below this value (5 J), then started to increase continuously in the range of calculated
energies, reaching a maximum of about 50 um for the highest cumulated energy (~ 95 J). It seemed
then that an energy threshold was necessary to activate the fragmentation mechanism. These results
give some promising results. It should be noted however that, due to the lack of some simulation
and experimental data, the calculated energy was done without taking into consideration other
parameters (such as the ball/ball and ball/chamber interactions, impacts with the sonotrode per

second ...etc.).

The chemical analysis of the surfaces after SMAT revealed the presence of external
elements issued from the different parts of the experimental setup. Titanium, Aluminium and
Vanadium were found at the surface of the AISI 316L treated samples as the result of a transfer
from the sonotrode, which is made of the Ti-6Al-4V alloy. Another contamination by Chromium
was depicted. Its concentration reached about 25 wt. % (the initial material containing about 17 wt.
%). This contamination was suggested to originate from the D2 die steel from which the chamber
was made of. This alloy contains large Chromium carbides (M7C3 type), very rich in Chromium,
which may have been extracted by the balls and deposited on the samples surface. Some additional
experiments should be undertaken to confirm this finding and its interpretation. In a more general
manner, in addition to take care of the atmospheric environment to ovoid oxidation, it appears that
SMAT should be carried out in a treatment device made of polymeric materials to avoid significant

contamination.

The surface contamination affects the surface properties (as was discussed in this
manuscript) and the analysis of the surface must take this into account. For example, the X-Ray
Diffraction analysis of the SMAT-ed AISI 660 steel has revealed that the level of background
(because of florescence) of the XRD traces was influenced by the extent of the SMAT induced
contamination. The amount of contamination, essentially by Titanium, was depicted because the
chromium radiation induced fluorescence of the Titanium. As its content increased, the background
level increased simultaneously. The XRD analysis technique could thus be an interesting tool in the
contamination analysis of complex shape parts, or as a non-destructive characterisation method

(contrarily to the GD-OES).
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Concerning the Duplex treatments analysis given in Chapter 4, the results showed that the
surface hardness was significantly enhanced after SMAT+nitriding. The increase is about 350 %
and 200 % in comparison with the initial and nitrided samples, respectively. This increase did not
correspond to the simple cumulative effect of the SMAT + nitriding treatments. More complex
interactions are generated where the plastic deformation state could be a key point of this
enhancement. It was suggested that this hardness increase was also due to the formation of TiN or

TiAl nitrides. An hypothesis that must be experimentally verified in the future.

Despite this important increase in hardness, it was also observed that the activation by
SMAT does not directly lead to an enhancement of the nitrogen diffusion and an associated increase
in thickness. In this respect, our results are not consistent with the results from the literature, even
the most recent ones. Indeed, while non-continuous and thinner nitrided layer were formed on the
surface of the SMAT-ed AISI 316L because of the contamination (see previous section) that could
break the nitrogen diffusion. Our results also show that, even after removing these elements by
electrolytic polishing, the nitriding treatment did not lead to the formation of a thicker layer. The
latter thickness remained inferior to a nitrided initial material. Our results therefore suggest that the
contamination is the only fact responsible for the limitation of the nitrogen diffusion within the
surface of the AISI 316L. The formed microstructure and compressive plastic deformation state

imparted by the SMAT may have an influence.

Further investigations were then carried out using other surface activators, to avoid the
contamination and introduce a different plastic deformation state. Using the Cold Rolling (CR) as
surface activator, interesting results were obtained. Actually, when reduction rate increased, the
diffusion increases too, and the thickness of the formed nitrided layer is multiplied by 2 (~ 4 pm) in
comparison with the initial material (about 2 pm) when a reduction ratio of 75 % was used. The
surface hardness of the CR+nitrided samples was also increased to reach about 740 HV, almost 4
times the initial material hardness. It was also noticed that this hardness level is quite similar to the
one obtained on SMAT+nitrided sample. After the CR, no contamination occurred on the surface
and the assumption that the hardness increase was due to the precipitation of nitrides is then not
valid. Also, as it is clear that cold rolling introduces a high amount of dislocations but does not
result in the formation of a nanostructured layer, the idea that the enhanced diffusion is associated
solely to a reduction of the grain size after SMAT can be ruled out. The mechanisms responsible of
this enhancement could be the plastic deformation state of the surface, and also the stress state after
the SMAT and CR. On-going investigations, not detailed in the present thesis, are carried out to

understand the effect of the stress state on the surface hardness modifications.
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The last technique used for the surface activation was the High Current Pulsed Electron
Beam (HCPEB), in order to avoid the contact with the treated surfaces, and also it can be used for
the treatment of complex samples shapes. Two grades of the AISI 316L were treated: the AISI
316LM conventional grade, and AISI 316LS, richer in Sulphide to change the surface morphology
after the HCPEB treatment (higher density of craters). For the AISI 316LM, it has been shown that
an increase of the nitrided layer thickness occurred when under low energy of electron beam, and
remained stable under high energy. However, for the second grade (AISI 316LS), an enhancement
of the nitrogen diffusion was observed only when a low energy of the electron beam is used, while
under higher energy, the nitrided layer thickness as quite similar to the initial nitrided material.
These first results showed that the HCPEB -under some specific experimental conditions-could be
efficient for increasing both the nitrided layer thickness and the surface hardness of the AISI 316L.
It should also be noted that the hardness obtained on the HCPEB and the HCPEB —N treated
samples was significantly lower than in for the SMAT-ed and cold rolled samples. This could be
due to the low plastic deformation imparted to the material after the HCPEB and the HCPEB-N

treatments.

Despite all the analyses carried out in the present work, the effectiveness of the surface
activation by surface treatments techniques remains complex to explain. The application of the
Hertz theory allowed to get a good estimation of the SMAT effect on microstructure, and
particularly the evolution of the formed layers thicknesses. However, complementary information,
issued from the simulations works for example, can help to estimate more precisely the imparted
energy to the surface during the treatment. A combined experimental-simulation work could lead to
the estimation of the balls impacts number with the treated surface, and the material properties
(hardness, strength ...etc.) as function of the SMAT parameters. Refinement of the suggested model

in the present work could then be carried out.

Always concerning the SMAT, it could be interesting to do treatments in a chamber in
polymer (instead of die steel used in the present study). This will allow to avoid the surface
contamination (no need of surface ‘cleaning’), and the obtained hardness after the SMAT+nitriding
treatment will remain very high. Actually, even if the nitrogen diffusion was not enhanced, the
hardness reached very high level. However, the surface polishing to remove the contaminated layer
has led to a significant increase of the surface hardness. The use of a chamber in polymer could

have an important effect on the surface hardness.

Finally, as only the hardness was investigated as a mechanical property, it could be

interesting to study the effect of the SMAT on the lifetime of the treated materials. Mechanical tests
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such tensile, fatigue or wear resistance tests could be carried out. Corrosion tests in different fields
and under different temperatures could also be done to characterize the physical and chemical

properties of the SMAT-ed surfaces.

Finally, the experimental results obtained showed that the plastic deformation state was
different after the different surface activation techniques. Thus, the plastic deformation state should
be studied more in details to understand the direct effect on nitrogen diffusion. Materials of
different Stack Fault Energies (SFEs) should be subjected to surface activation prior to nitriding.
This will activate different plastic deformation mechanisms and would help to better understand the

nitrogen incorporation within different deformed surfaces.
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