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Abstract

Abstract

The research work in this thesis revolved around the laser marking of materials used in metallic
medical devices, specifically on how the laser marking affects the microstructure and associated
properties such as corrosion and fatigue performance. The project was motivated by the increasing
demand for traceability in the form of oxidative laser marking applied directly onto medical devices.
Medical device manufacturers experienced issues with delamination and corrosion in the laser
markings. If the laser marking delaminates or corrodes, it will be considered unreadable and will
therefore no longer be fit for application or sale. Laser marking is relatively well-studied regarding
the production of high color strength markings, however there is little knowledge regarding the
impact on mechanical properties or corrosion resistance. The industry has moved significantly

faster than research on the subject.

The impact of laser marking on corrosion resistance of free-machining martensitic stainless steel
was investigated to address the current issues in industry. Several sets of laser parameters were
investigated regarding the microstructure and the corrosion resistance. It was found that a sub-um
oxide layer forms on the laser marked surface and that the color strength depends largely on the
thickness of this oxide layer. The oxide layer was identified to be either FezO4 and/or FeCr.0O4 and
contained chromium. The thickness of the oxide layer depends largely on the heat input (J/area) of
the laser treatment. The heat input is also the deciding factor for retention of corrosion resistance,
as it was demonstrated that high heat input results in a darker color but also poorer corrosion
resistance. This was attributed to chromium depletion in the sub-surface zone and corrosion
underneath the oxide layer was identified. It was additionally found that the presence of abundant
MnS jeopardizes the corrosion resistance after laser marking. The rod-like MnS inclusions, aligned
perpendicular to the surface where laser marking was performed, thermally degraded leaving

crater-like features. These craters are thought to act effectively as pits for corrosion initiation.
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Abstract

Large tensile residual stresses were found in martensitic stainless steel after laser marking and
were the result of a complicated thermal history and altering of the chemical composition during
laser marking. The residual stresses on the surface were found to depend on the degree of melting
and the hatch spacing of the laser tracks. The chemical composition was severely altered in the
HAZ, and a significant chromium depletion could be measured as well as uptake of hydrogen and
oxygen. It was discussed that as laser marking alters the chemical composition, resulting in state

of tensile residual stress.

The influence of laser marking was also investigated on commercially pure titanium and Ti6AI4V. It
was found that laser marking resulted in severe crack-development, such that the cracks develop
perpendicular to the surface. Close to the surface the alloys had reached the liquid state during
laser marking and distinct microstructural zones were discerned in the depth direction. High
oxygen ingress in the melted zone suppressed the liquid - BCC transformation and, instead, the
material solidified directly as HCP. The cracks were found to jeopardize the fatigue strength of both
types of titanium alloys by up to 80 % relative to unmarked specimen. As cracks are developed
before loading of the material, the crack initiation stage is essentially by-passed on subsequent

loading.
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Resumeé

Forskningsarbejdet i denne afhandling omhandler lasermarkering af metalliske medicinske
materialer, specifikt om hvordan lasermarkering pavirker mikrostrukturen og andre egenskaber
sasom korrosionsresistens og udmattelsesegenskaber. Projektet er motiveret af stigende krav til
sporbarhed i form af oxiderende lasermarkering placeret direkte pa medicinsk udstyr. Producenter
af medicinsk udstyr oplever problemer med delaminering og korrosion i lasermarkeringen. Hvis
lasermarkeringen de-laminerer eller korroderer, betragtes den som ulseselig og er derfor ikke
leengere egnet til brug eller salg. Lasermarkering er relativt velstuderet med hensyn til at producere
markeringer med hgj farvestyrke, men der findes kun lidt forskning omkring konsekvenserne pa
mekaniske egenskaber eller korrosionsresistens. Industrien har beveaeget sig bemaerkelsesveerdigt

hurtigere end forskningen af emnet.

Indvirkningen af lasermarkering pa korrosionsbestandigheden af martensitiske rustfrie automatstal
blev undersggt for at adressere nuveerende problemer i industrien. Flere laserparameterseet blev
undersggt vedrgrende mikrostrukturen og korrosionsbestandigheden. Der fandtes, at et sub-pum
oxidlag dannes péa den lasermarkerede overflade og at farvestyrken var meget afhaengig af
tykkelsen pa oxidlaget. Oxidlaget blev identificeret til at veere enten Fe;O4 og/eller FeCr,0O4 og
indeholdt en gget meengde krom. Tykkelsen af oxidlaget afhang kraftigt af varmeinputtet (J/areal)
af laserbehandlingen. Varmeinputtet var ogsa den bestemmende faktor for bibeholdelse af
korrosionsbestandighed, da det blev demonstreret at hgjt varmeinput resulterede i en mgrkere
farve men ogsa en lavere korrosionsbestandighed. Dette blev tilskrevet kromforarmning i
underoverfladen, og der blev demonstreret korrosion under oxidlaget. Herudover fandtes, at
tilstedeveerelsen af rigelig MnS gjorde materialet mere fglsomt overfor reduceret
korrosionsbestandighed fra lasermarkering. De stangagtige MnS inklusioner var justeret i

treekretningen, og da lasermarkering blev udfart pa traekretningen, degraderede MnS inklusionerne
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termisk og dannede krateragtige treek. Disse kratere teenkes at opfgre sig som pits produceret

allerede i lasermarkeringen.

Store rest-traekspaendinger blev fundet i martensitisk rustfrit stal efter lasermarkering og var
resultatet af en kompliceret termisk historik og sendring af den kemiske sammensaetning under
lasermarkering. Restspaendingerne pa den yderste overflade blev bestemt til at afheenge af
smeltegraden og afstanden mellem lasersporene. Den kemiske sammensaetning blev kraftigt
aendret i den varmepavirkede zone og en betydelig kromforarmning kunne males samt et optag af
hydrogen og oxygen. Abenbart zendrer lasermarkering den kemiske sammensaetning saledes at

der dannes hgje traekspaendinger.

Indflydelsen af lasermarkering blev undersggt pa kommercielt rent titan og Ti6Al4V. Der blev
fundet at lasermarkering resulterede i kraftig revnedannelse vinkelret pa overfladen. Der var tegn
pa at materialet var smeltet taet ved overfladen og flere tydeligt forskellige mikrostrukturelle zoner
var dannet. Hgjt oxygenoptag i den smeltede zone undertrykte transformationen fra flydende ->
BCC og materialet starknede i stedet direkte som HCP. Revnerne viste sig at reducere
udmattelsesstyrken af begge typer titanlegeringer med op til 80 % relativt til umarkerede praver.
Da revnerne udviklede sig far belastning af materialet, blev revnedannelsesstadiet af et

udmattelsesbrud essentielt sprunget over.
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Chapter 1 Introduction

1. Introduction

1.1.Project Background and Motivation
The entire life science industry, including the medical device industry, is soon required to uphold
the current Medical Device Regulative (MDR), imposed by the European Union as of April 2017 [1].
It outlines and defines requirements and practices that medical device manufacturers are required
to comply with if their products are sold and used within the European Union. Contained in the
MDR is the requirement of ‘unique device identifiers’ (UDI) on all medical devices, as it was
proposed in the European Union before the introduction of MDR [2]. Device identification as part of
medical directives and regulations has been a part of the industry for many years and has been
present on both a national and European level [3]-[5]. An initiative which has been transferred to
the MDR is the concept of Materials Vigilance [5], where a device identification database will
enable swift reactions in the event of product recalls. This is still an essential requirement of the
industry. The responsibility of materials vigilance and application of UDI lies with the original

manufacturer of any medical device.

Currently, manufacturers are required to apply UDI on all medical devices, but for different levels of
packaging. There is a general preference for UDI on the lowest level of packaging, which would be
direct product marking. This is not a requirement for all types of products, but there is a tendency
towards this in case more restrictive requirements are formulated. Medical devices for single use
where the user is generally aware of how to use it, such as staples, sutures, etc., must have UDI
on the bulk packaging level and not on the individual device. An example would be UDI on a box
containing many medical staples. Devices for multiple use should have UDI applied directly on the
product but can be exempt if there is no space for a meaningful application of UDI, or if the
application of UDI endangers the functionality of the product and thereby the patient. The UDI must
then be applied to the next level of packaging, which usually entails the packaging of a single

device. Implantable devices can be exempt from UDI, but there is, as mentioned, a general trend in
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the industry to warrant traceability on all products and UDI markings have historically been applied
on implantable devices in orthopedics. The UDI has in relation been determined as the cause of
failures. Due to the flexibility, speed, and the perception of permanence and immunity to
tampering, laser marking has become the industry standard for applying UDI directly on products
[6]. Interaction of a laser with a metallic substrate can be used to (locally) provide a dark surface
layer for contrast. Unfortunately, demands for laser marked UDI on medical devices have moved
significantly faster than research on the subject, and only little known about the consequences of

laser marking and the risk for premature product failure.

Medical device manufacturing company Elos Medtech is one of the manufacturers with the
responsibility of applying UDI on both packaging and directly on the products. They produce both
surgical tools and implantable devices, mainly for dental applications. They have experienced
challenges regarding corrosion resistance and retaining the color strength of the laser marking on
certain stainless-steel grades. Laser marking is the last step of the manufacturing process, just
before cleaning/sterilization and packaging. Manufacturing typically consists of a process chain
including several machining steps and surface/heat treatment. As such, when the laser marking
fails, and the manufactured devices are discarded it is expensive and time consuming. Therefore,
there has been a general need for knowledge and understanding of the laser process and its
influence on corrosion resistance and other properties, as well as the interplay with the other
processes involved. There was a need to develop competences within the subject regarding the
most common metallic materials for medical devices, titanium alloys and stainless steel. This led to
Elos Medtech pursuing collaboration with the Technical University of Denmark with the support of

Innovation Fund Denmark, to define a research project for an industrial Ph.D.

1.2. Stakeholders and Objectives
This project was established as a collaboration between the Technical University of Denmark, Elos
Medtech and funding was provided by Innovation Fund Denmark. It was established via the

industrial Ph.D. program managed by Innovation Fund Denmark under the case number 9065-
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00210B, where it is co-financed by both Innovation Fund Denmark and Elos Medtech. It is in the
nature of such a collaboration that the research output should be both industrially and academically
relevant. In this case, industrially relevant entails the formulation of solutions and directly
applicable knowledge, while academically relevant output entails high quality research which
expands knowledge on the subject and can potentially be published in the scientific journal

literature.

The work in this project is mainly be related to the laser marking process. The goal was to explore
known issues related to the laser marking process and to provide solutions or mitigation strategies
based on the results of a scientific investigation. This was specifically directed at instances of
corrosion on laser marked stainless steel. It was also expected that there would be a general
investigation of laser marking and its influence on other materials and properties. This would reveal
additional challenges to which mitigation strategies were also required. The research entail types
of metallic materials already utilized for manufacturing within Elos Medtech. The anticipated results
are of scientific relevance and provide a basis for Elos Medtech to improve the quality of their

products and ensure the ability to deliver safe products with quality UDI.

1.3.Outline

The work performed throughout the Ph.D. studies is presented in manuscripts which are either
published in scientific journals or ready for submission. Some work is presented as a
supplementary chapter and contains sections presenting methods, results, interpretation, and a

discussion section.

Chapter 1 provides an initial introduction chapter, that documents the background and motivation
behind the project, as well as a description of stakeholders and following those, the objectives,
purpose, and anticipated outcomes of the project. A state-of-the-art and literature review is
presented in chapter 2, providing the theoretical background to the results and methods presented

in the manuscripts. Chapter 3 to 7 contains the experimental results and interpretations which
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makes up the bulk of the thesis. Laser marking guidelines for industrial purposes are presented in
chapter 8. Finally, a summary of the most important results and conclusions is presented in

chapter 9. An illustration of the outline is given in Figure 1.1.

Chapter 1 Introduction

State-of-the-art

Chapter 2 Literature Study

Chapter 3-7 results

Manuscript | Manuscript |1
Supplementarywork 2
Influence of Laser Marking on the Effect of Manganese Sulfides and
microstructure and corrosion Nitriding on the Corrosion Resistance of Chemical Passivation of
performance of martensitic stainless Laser Marked Medical Martensitic Laser Marked Stainless Steel
Steel Surfaces Stainless Steel

Manuscript 11 Manuscript IV

Residual Stress Generation on Laser Impact of Laser Marking on the Fatigue
Marked Stainless Steel Life of Medical Grade Titanium

Industrial
Chapter 8 Recommendations
Chapter 9 SR &

Conclusions

Appendix

Numerical Modelling of
Laser Marking

Figure 1.1: A diagram showing an overview of the structure and content of the thesis.
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2. Literature Study and State of the Art

2.1.Medical Device, UDI, and Traceability

2.1.1. Medical Device
Medical device is an umbrella term describing everything from medical staples and syringes, to
implants and surgical tools. At Elos Medtech in Denmark, the main production consists of dental
implantable medical devices and surgical tools for dental applications. Surgical tools are
manufactured in both titanium and stainless steel and for dental applications this would include
tools such as torque wrenches for implantation of dental prostheses, and bone mills for drilling
bone. Tools requiring high strength and good wear properties such as the bone mills are
manufactured primarily in stainless steel. Dental implants are manufactured exclusively in titanium
to utilize its corrosion resistance, biocompatibility, and high potential for successful
osseointegration [1], [2]. A typical fixed implant consists of one or more screws/abutments inserted
into the jawbone, which will provide a fixture for a porcelain crown or a bridge containing several
crowns. The medical device industry is already a large market, but it is expected to grow due to the

increase in life-expectancy of the world’s population [3], [4].

There is a distinction between reusable and single-use medical devices. Staples and such are
single use only, while a torque wrench for dental surgery is considered multiuse. Multiuse devices
must of course be sterilized and/or disinfected between uses, whereas single-use instruments are
sterilized before packaging if needed. These sterilization/disinfecting techniques have historically
consisted of immersion in saline solutions, moist autoclavation and chemical sterilization [5], [6].
Modern methods utilizing radiation and ozone gas are also emerging [7]. Other distinct types of
medical device could be long time invasive devices, which are different from permanent implants.

These are still considered single use.



Chapter 2 Literature Study and State of the Art

In Figure 2.1 a few examples of metallic dental medical devices are presented. Figure 2.1a
illustrates a typical titanium-based implant system, with a screw inserted into the jawbone and an
abutment with a porcelain crown on top, resembling a tooth. Figure 2.1b shows a similar type of
implant with a fractured screw, while Figure 2.1c shows an Elos Medtech torque wrench of the type
used to mount a dental implant. The head of the torque wrench is manufactured from stainless-

steel while the body is made of either steel or titanium.

©

Figure 2.1: Examples of metallic dental products illustrating (a) A typical dental implant system, (b) a failed dental

implant, and (c) an Elos Medtech torque wrench for dental application.

1 Credit to F. Soares et. al. (Soares et al., 2021)
2 Credit to A. Tunkiwala and U. Kher (Tunkiwala & Kher, 2019)
3 https://elosmedtech.com/products/instruments/ visited 09.12.2022
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2.1.2. Traceability in Medical Device
The advantages of applying full traceability on medical devices are clear, especially regarding
recalls and ensuring high quality products which do not jeopardize the health or safety of patients.
It is mandatory to report any failed medical device, whereas health authorities could demand
recalls or investigations of certain batches or products. Traceability is also utilized before surgery
for information about compatible instruments for removal of implant as well as suitable
replacements [8]-[10]. This is the concept of materials vigilance, and it requires full traceability of
the product [11], [12]. Wilson et. al. projected that significant man hours and extensive money will
be spent on identifying failed implants, constituted partly from the increase in implants [9]. This is
based on data from the United States, which indicates that failed implants for knee and hip
arthroplasty that cannot be identified may exceed 25.000 in the USA alone. In parallel, it has been
projected by Elani et. al. that there will be a significant increase in dental implants, with an average
increase of 14 % per year until 2026 [13]. Accordingly, there is a large economic incentive to

implement full traceability along with the arguably more important incentive from patient health.

Traceability on medication has statistically been proven to reduce the risk for errors substantially.
The implementation of barcodes during administration of medication reduced the relative risk
errors by 41 % [14]. Some medical fields may benefit more than others. Plastic surgery was
significantly behind in traceability of implants, so information about the implants would not
necessarily be retrievable after implantation [8]. Statistics is a powerful tool in medical science, to
which post market surveillance included in full traceability and materials vigilance would contribute

greatly [15].

By keeping careful databases and ensuring registration of medical devices with serial numbers or
barcodes, full traceability can be fulfilled. Traceability has even been used in situations where
implants have been the determining factor to identify otherwise unidentifiable bodies in forensics
science [16]. The potential of the UDI database is huge. For statistical purposes, the materials and

their composition of implantable devices could be included (chromium, cobalt, titanium) and for
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other types of devices, known allergenics could also be included. This is currently not the case

[17], but the industry is moving in the right direction, motivated by medical regulations.

2.1.3. Unique Device Identification
For some years now, the medical device industry has been moving towards a harmonized
traceability system on an international scale. The system consists of unique device identification
markings (UDI) and databases with device information. In another study by Wilson [18], this
framework has been shown to be the best practice in orthopedics where implants had to be
identified. The average time spent on identification was 20 minutes, where in 10% of the cases,
identification had to be done intraoperatively. However, just applying UDI is not enough to ensure
traceability, the codes must also regularly be scanned (or typed manually) and stored
electronically, which represents a challenge for effective implementation [19], [20]. It is largely the
case that legislations moved faster than what manufacturers could adapt [21]. This is also the case

for research around the subject of applying UDI.

(01)05712821002389
(11)190124 :
UDI| (10123456

C33115_01

Figure 2.2: An example of a UDI label applied in Elos Medtech.

An example of a UDI label is given in Figure 2.2, showing the unique code (01) for the device,
manufacturing date (11), and the manufacturer code (10). A QR code is attached for quick
scanning of the information. There are two major regulatory bodies demanding traceability in
Europe and the United states, which are respectively the European Union and the FDA [22]-[25].
The purpose of implementing UDI was to provide a common framework for traceability, initially for
the European Union and later globally. At the time of writing, MDR dictates that UDI must be
applied on the lowest level of packaging as well as all higher levels if applicable. The lowest level

of packaging for implantable devices would be in unit packs, but it is both allowed, and not
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uncommon to mark implants directly. For reusable devices, the direct marking is mandatory if it is

technologically feasible and does not endanger the patient.

2.2.Materials in Medical Devices

The medical device industry utilizes many different materials for biomedical applications, such as
the more conventional steel, cobalt-chromium alloys, and titanium alloys, as well as polymers [26].
Stainless steels are routinely applied as temporary implants [27] but rarely as permanent implants
due to the lower corrosion resistance than titanium and cobalt-chromium alloys. Cobalt-chromium
alloys are the most common material for total joint replacement [27]. This is motivated by the good
corrosion and wear performance of cobalt-chromium alloys, whereas wear performance is the
Achilles heel of titanium alloys [28], [29]. Titanium is utilized for most other permanent implants
[30]-32], since it boasts full biocompatibility and good corrosion resistance, as well as great
properties for osteointegration [2]. Additionally advanced biomedical materials and
nanostructures/surface treatments are utilized in the field of dental implants. This is the main topic
of advancements in dental implant materials, as it can potentially improve osteointegration and
increase the overall quality of the implant-bone interface [33]-[36]. The two main materials in this

project, titanium alloys and stainless steel, are described in further detail below.

2.2.1. Stainless Steel
Stainless steel is commonly used as the material for surgical tools. This is due to the fact that it
does have decent biocompatibility and high strength, which is required for some surgical
applications. It also boasts high resistance to oxidation, meaning it can usually withstand the
different sterilization techniques utilized in the medical and dental fields [37]. It is commonly agreed
upon that steel becomes stainless by addition of chromium of more than about 11 wt% of the total
chemical composition. Other alloying elements are common such as the austenite-stabilizing

element nickel as well as nitrogen and molybdenum for enhanced corrosion resistance [38], [39].

10
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The crystal structure of stainless steel is usually either face centered cubic (FCC) referred to as
austenite, see Figure 2.3a. or body centered cubic (BCC) referred to as ferrite, see Figure 2.3b.
For most steels, there is a phase transition from BCC to FCC at higher temperatures. The addition
of nickel, or elements with an equivalent effect, can lower this temperature and, in some cases,
stabilize FCC at room temperature. Alloying elements of stainless steel can be divided into two
categories, substitutional and interstitial. Substitutional alloying elements are typically chromium,
nickel or other atoms of comparative size to iron and substitute iron atoms in the lattice. Interstitials
on the other hand, are typically the smaller elements such as oxygen, carbon and nitrogen and are

positioned in the empty spaces in-between the atoms in the crystal lattice [40].

[001] [001]

f f
al v

a a [110]

(a) (b)

Figure 2.3: lllustrations of the crystal structure of (a) FCC and (b) BCC [41].

The crystal structure and thereby type of stainless steel can be predicted based on the alloying
elements, by utilizing Schaeffler diagrams. An example of a Schaeffler diagram is found in Figure
2.4, illustrating the effects of alloying elements on the resulting crystal structure at room
temperature [42]. Elements are divided into two categories: FCC stabilizing Ni-equivalents, and
BCC stabilizing Cr-equivalents. The Schaeffler diagram nicely outlines typical compositions
austenitic and martensitic stainless steels, which are the most commonly used steels for

biomedical applications [43].

11
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Figure 2.4: Schaeffler diagram for stainless steel [42].

There are several sub-categories of stainless steel, largely depending on alloying elements and
hardening mechanisms [44]. Most common in the medical device industry are the austenitic
stainless steels, which would include the common AISI 304L and 316L. These steels contain a
high amount of chromium (16-20 wt%) and nickel (8-10 wt%), to ensure stainless properties and a
metastable austenite phase. Due to the allergic reactions that nickel can provoke [45]-[47], there is
some concern regarding applying these steels where metal ions might be released in the body.
Because of this there is currently a trend to develop high nitrogen steels for the medical device
industry, as nitrogen will also stabilize austenite but does not possess the toxicity associated with

nickel [48], [49].

When high hardness and strength are required, martensitic stainless steels as well as precipitation
hardening or maraging steels are also utilized for medical device. The advantages of such
materials compared to their austenitic counterparts is that they can and should be hardened [50],
meaning parts can be manufactured in an annealed state where the material is relatively soft. The

machined parts can then be heat treated to increase the strength significantly. Martensitic stainless

12
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steels are hardened by inducing a martensitic transformation from austenite to ferrite, typically via
a quenching from an austenitization temperature and a subsequent tempering treatment. At lower
cooling rates, the phase transformation from FCC to BCC takes place via diffusion of interstitials
(mainly carbon) [51]. The martensitic transformation takes place within such short timeframes, that
diffusion does not occur, rendering the transformation diffusionless. This results in a metastable
BCC (or tetragonal) crystal structure which is supersaturated with substitutional and/or interstitial
elements. During tempering the elements in supersaturated condition precipitate. If these are
interstitials, carbides or nitridies form, sacrificing some strength for a more ductile material. If the
precipitating elements are essentially substitutionals, the martensite was soft and gains its

hardness/strength from precipitation hardening. Typical heat treatments for stainless steels are
illustrated in Figure 2.5.

Austenization
\ \ temperature
| ‘.

Temperature

\ Precipitation hardening
| |
| ‘ ‘

\ / Tempering
| | /

Time

Figure 2.5: An illustration of typical heat treatments for a martensitic stainless steel (red) and a precipitation hardening
steel (blue).

The stainless properties of stainless steel rely on the high chromium content, and corrosion

resistance generally scales with higher contents of chromium. Other elements, such as nitrogen

and molybdenum, also have a positive effect on corrosion, as reflected by the pitting resistance

equivalent number (PREN) [52]. Chromium is a self-passivating metal, just like aluminum and

13
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titanium. This behavior results from the high reactivity with oxygen to form a passive layer of Cr,Os3,
which retards further ingress of oxygen or outdiffusion of Cr. This passive layer is so effective that

at room temperature it will grow to only 5-25 nm of thickness for most stainless steels [53].

2.2.2. Titanium Alloys
Titanium is the choice material for implants due to its full biocompatibility, meaning that it is not
toxic upon contact with human cells. Further, it has a low elastic modulus, and depending on the
alloy, a modulus close to that of bone [54], [55]. In the biomedical field, in particular the titanium
alloys designated as commercially pure (CP) are utilized, as well as the titanium alloy of Ti6Al4 for
higher strength. In addition, certain alloys with zirconium and niobium have found their way into
orthopedics [56]. Analogous to steel, metallic titanium exists mainly in two allotropic forms: a-
titanium with a hexagonal close packed (HCP) crystal structure and at higher temperatures
(>882°C for unalloyed titanium), it will form B-titanium with a BCC structure [57], [58]. lllustrations
of the crystal structures can be seen in Figure 2.6. CP-titanium belongs to the so-called a-alloys
based on their predominant HCP crystal structure. Similar to stainless steel, the crystal structure at
room temperature can be predicted based on alloying elements. A Schaeffler diagram can be
constructed from the HCP stabilizing Al-equivalent and BCC stabilizing Mo-equivalent [59]. Alloys
containing large amounts of -stabilizers such as Niobium and Vanadium, have a predominant
BCC crystal structure, referred to as (-alloys[56], [58]. The Ti6Al4 which is an a-B-alloy, contains
some amount of B-phase in an a-matrix, enhancing the mechanical properties [60], [61], placing it
as the most utilized titanium alloy for high strength applications [56]. The development of this a-3-
alloys enabled the use of titanium in applications where the CP-alloys failed. Titanium gained
attention, when the biocompatibility was demonstrated in animal testing in the 40’s and 50’s [62],
[63], but due to the lower strength than steel and its poor wear qualities, applications were limited
to implantable devices with little to no mechanical demands, until the development of Ti6AI4V [64].
However, in the last decade there has been a trend of development in titanium alloys, to produce

high strength CP-alloys, to avoid potentially toxic alloying elements, such as Al and V. This is done
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by modifying the microstructure to form ultrafine grains so CP-alloys can be used in applications

were Ti6AI4V is traditionally used [65].
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Figure 2.6: lllustrations of crystal structures of (a) HCP a-titanium and (b) BCC -titanium [58].

In many industries, titanium is utilized because of its high strength-to-weight ratio, such as the
aerospace industry [66], but in biomedical applications, it is the high corrosion resistance and
biocompatibility that motivates the choice for titanium [1], [2], [64], [67]-[70]. Titanium is like
stainless steel and aluminum, a self-passivating material, due to its high reactivity [58]. Titanium
reacts very strongly with oxygen, forming TiO», the corrosion resistance is excellent in most
environments where oxygen is present [71], including environments which would in many cases be
considered as aggressive, such as oxidizing acids [72]. To cause uniform corrosion in
environments where TiO: is no longer stable, the environment must be strongly reducing, e.g.,
strongly acidic like HF [73]. Even if there is a general high corrosion resistance among titanium
alloys, there is an important effect of alloying elements. The wear resistance of titanium is lacking
as compared to steel, as has been known since the metals commercial debut [74]. CP-titanium and
Ti6Al4V exhibit poor wear resistance in most sliding wear tests and are susceptible to fretting,
crack formation and peeling during wear situations. Of course the tendency to form a passive layer

rather quickly, renders the alloys vulnerable to tribo-corrosion which can accelerate the material
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loss rate substantially [75]-[77], meaning it is not the choice material for implant applications where

wear is expected, such as joint replacement implants.
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Figure 2.7: A binary phase diagram of titanium and oxygen [57].

The high reactivity of titanium with oxygen is further expressed as a high solubility and an
abundance of oxides, as illustrated on the phase diagram in Figure 2.7. A large quantity of oxygen
can be dissolved, up to 34 wt%, before oxide formation takes place. An abundance of oxides is
stabilized between 63-67 wt% oxygen, commonly referred to as Magnéli phases, before the

formation of TiO2 [58]. TiO:z is the most common and stable oxide which is the compound that the

passive layer will consist of.

2.3.State of the Art in Laser Marking

The first fiber lasers were showcased in 1973 at AT&T Bells Labs but had little commercial
success due to the expensive production of the necessary crystal fibers and inefficient technology
[78]. Today, the technology of laser marking has developed substantially and is a competitive
choice among other product marking methods, such as dot peening, ink-jet printing, and

electrochemical etching [79]. The success is a consequence of the high degree of flexibility,
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automation and reliability. The technology has also been marketed as a greener alternative to
marking with ink-jet printers, as no waste is produced during marking [80]. Modern fiber lasers
operate at 5-25 W and can do so for >10,000 hours with little to no maintenance [79]. While there
are different laser technologies, fiber lasers are the preferred type [81], and specifically for metals
the neodymium-doped yttrium aluminum garnet (Nd:YAG) pulsed fiber lasers are preferred [82] for
the high absorptivity of the generated wavelength. These types of fiber lasers utilize a wavelength
of 1064 nm, while the next most common laser, the CO; laser, emits a wavelength of 10600 nm.
Pulsed lasers are further categorized by their pulse length, with the most common categories in
descending pulse length nanosecond-, picosecond- and femtosecond pulsed lasers. Traditionally,
nanosecond pulsed lasers have been used in industry, but in the past few years, substantial
progress has been achieved in laser marking with shorter pulses [83]. An overview of the marking

applications of fiber lasers in modern industry after Lazov et. al. is given in Table 2.1.

Table 2.1: An overview of modern marking applications of fiber lasers. Adapted from [79].

Purpose Result

Oxidation/Diffusion Color change

Bonding Relief image generation

Melting Relief image generation
Evaporation/ablation Channel formation or layer removal
Heating Thermo- or photo structures

As the purpose of laser marking in relation to UDI can be reduced to the formation of contrast,
there are obviously several ways of achieving this. In the medical industry, mainly three of the
methods listed in Table 2.1 are utilized for metallic substrates: Ablative laser marking, oxidative
laser marking, and evaporation of a surface layer. By far the least utilized method is the ablation of
a surface layer, where a surface of a different color than the substrate is locally removed via laser

to form contrast. This layer could be black diamond-like carbon or golden Titanium Nitride. Ablative
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laser marking generates contrast without forming an oxide layer by locally melting and evaporating
the substrate, thereby generating a surface roughness contrast, usually appearing white on a
metallic surface. Oxidative laser marking is the method of choice in this thesis, as it is the most
widely used method. The dark markings generate high contrast and are perceived as permanent.
They are applied by heating the material locally to promote reaction and diffusion of oxygen, most
commonly in atmospheric air [78], [79]. It is a widely used technology on metallic components to
produce traceability in the form of permanent markings. This is not only applied on ferrous and
titanium alloys but has also been successfully implemented for other metals such as magnesium,

lead, nickel and tin [84].

As the laser marking process can be adjusted via many different parameters, such as scan speed,
laser power, pulse frequency, pulse length and the marking pattern, Svantner et. al. and Chen et.
al. had success investigating the effects of laser marking using two main dependable parameters;

peak power density, Py, (W/area) and heat input, Es, (J/area) [85], [86]. They propose the following

equations:
— B
P, = at, (2.2)
P

For both martensitic and austenitic stainless steel it has been shown that the generated oxide layer
consists of chromium containing oxide, either Cr.O3 or [Fe,Cr]s04 spinel [87]-[89], however several
authors reported the identification of Fes0,4 and/or Fe>Os3 [87], [90]. It should be noted that the
majority of research on laser marking has been performed for the most common austenitic
stainless steels AISI 304 and 316. It was found that the laser process could be switched between
ablative and oxidative marking by changing the power density of the laser, while the heat input has
been related to the color strength, thereby the oxide layer thickness, of oxidative marking [86], [90].
Some authors relate the resulting oxide layer thickness on various substrates to more fundamental

parameters which directly affects the heat input, most commonly the scan speed and pulse
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frequency [91]-[93]. By varying the heat input the mentioned authors created different
morphologies and thicknesses of the oxide layer on stainless steel, making the point that the visual

appearance of the oxide layer depends strongly on the parameters.

Brihmat-Hamadi et al. investigated the oxide layer on titanium laser marked with a nanosecond
pulsed YAG fiber laser, and identified the formation of the oxides TiO, Ti»Os, and TiO [94]. Adams
et. al. performed oxidative laser marking and characterized thin oxide layers of 10-120 nm,
showing the presence of TiO», TiO and an inhomogeneous layer of TiOxN1, confirming nitrogen
uptake when laser marking in atmospheric air [95]. With the high degree of control, which is
inherent to laser marking, the oxide layer thickness can be controlled to a very high degree,
opening up the possibility of applying interference colors on the substrate. It has been successfully
performed by several authors on both titanium and stainless steel substrates [81], [94], [96]-[100].
Chen et. al. color marked both stainless steel and titanium by carefully controlling the heat input of
the laser, while limiting the power density to avoid melting. They found that nitrides were formed in

both materials in addition to the oxides [96].

The interaction between substrate and the laser can also complicate the laser marking process in
both modes of operation. The actual power of the laser depends strongly on the absorption of the
substrate, known as laser fluence, at the applied wavelength, which in turn depends on the
substrate surface. The fluence will not be constant during the course of marking and will change

both with temperature and when oxides form on the surface [87], [101], [102].

Although nanosecond pulsed lasers are currently the most commonly applied technology, in recent
years lasers utilizing shorter pulses have gained traction, namely the pico- and femtosecond lasers
[103], [104]. A review study of laser ablation processes to form nano features was performed by
Lei et. al. [103]. They found that for nano-sized features, the ultra-short pulse lengths (femto- and
picosecond) produced smoother features than for the conventional nanosecond lasers. They
attribute the better results to the focused beam and the small interaction lengths, which limit the

thermal diffusion to the surrounding material even in metals [104]. Femtosecond lasers have also
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been shown to produce black laser markings on metallic substrates, however not by oxidative laser
marking. Without forming a color-giving oxide layer, light trapping nanostructures are formed,
resulting in absorption of light in the visible spectrum, comparable to- or larger than what is
achievable for oxidative laser-marking [105]. The authors of the mentioned papers mention the
picosecond laser as an alternative to nanosecond laser, as the resulting black markings are more
corrosion resistant. Rusu et. al. investigated the effect of femtosecond laser marking relative to
conventional nanosecond laser marking on titanium alloys [106]. They found that for the lower
interaction time, there was little to no change in microstructure and only superficial oxidation. No
difference between marked and unmarked specimens were found via X-ray diffraction, further

supporting the hypothesis that the effects are purely superficial.

For information on the thermal fields and melt pools generated by pulsed nanosecond laser
marking in stainless steel, please see appendix, where a simulation of the laser marking process is

presented and validated experimentally for stainless steel.

Oxidative laser marking is essentially a local thermochemical surface treatment and is far from the
only surface treatment where lasers are utilized. Historically, lasers have been utilized to perform
surface hardening by melting the surface of iron-based alloys. The dissolution of carbides at high
temperatures and the inherently high cooling rates lead to the formation of new martensite in the
surface region [107], [108]. This martensite will have a high hardness and improves the wear
resistance [109]. Lasers have been utilized for laser nitriding as well to improve material properties
or to form surface layers. Especially relevant is the formation of TiN on titanium substrates, as it
has been shown to have a positive effect on biocompatibility and tribological properties in
orthopedics [110]. Hoche et. al. outlines the nanosecond pulsed lasers as an option for laser
nitriding, but highlights that the short interaction times do not allow long-range diffusion and
therefore the nitrided layer will be relatively shallow [111]. Laser nitriding is also relevant for steels
and other iron-based alloys. Schaaf has shown that a hardness and wear resistance increase, as

well as an increase in corrosion resistance can be achieved via laser nitriding on several ferrous
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alloys [112]. HOche et. al. also outlines the process of laser carburizing of steel, as carbon is one of
the most important alloying elements in steel [111]. Lasers have even been used to form layers of
hard cementite on iron-based alloys [113]. As such, lasers are commonly used for surface
treatments of metallic materials, however nitriding and carburizing are far more researched topics
than laser oxidizing which will usually occur in a much less controlled atmosphere and is performed

for the purpose of changing the appearance.

2.4.Corrosion in Laser Marked Medical Device

It is well-known in the industry that the markings produced via oxidative laser marking are not as
permanent as initially thought. It is often seen that the markings fade after repeated autoclavation
[104] or other cleaning processes. This is due to corrosion in stainless steel and there is a
consensus of a general reduction in corrosion resistance in the marking. A reduction in corrosion
resistance is almost always observed, but the severity depends on the chosen parameters [114].
Investigations on ablative laser marking on AISI 316L stainless steel, also indicated a reduction in
corrosion resistance, but to a lesser degree than for oxidative laser marking [115]. There is
however an indication that the effect on chemical composition, and in extension the corrosion
resistance, can be minimized for ablative laser marking, yielding a generally better corrosion
resistance than for oxidative laser marking [116]. P. Steyer also found that the surface was

transformed into a favorable layer of austenite when performing ablative laser marking [116].

Several authors have identified chromium depletion in the material immediately underneath the
formed oxide layer, identified to be caused by the formation of either Cr.O3; or FeCr,04[86], [89],
[116], [117]. There is general consensus that during the formation of the black oxide, the sub-
surface is depleted in chromium, resulting in a loss of the passivating ability which jeopardizes the
character of stainless steels. It is consistent with regular thermochemical heat treatment of
stainless steel, where one would expect the first formed oxide to be based on the element with the
highest oxygen affinity (Si, Cr), followed by outer layers of oxides with lesser thermodynamic

stability, i.e. higher Gibbs energy of formation than Cr,O3 [118]-[120]. The same has been found
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for laser color oxidizing, which is usually a longer process allowing a better comparison to
conventional oxidation [121]. Li et. al. identified an inner layer of Cr-oxide and an outer layer of Fe-
oxide, after color oxidizing AlSI 304 stainless steel [122]. This presents a paradox regarding the
generation of thick high contrast oxide, which must be both corrosion resistant and readable by
certain automatic equipment. This paradox suggests that in the oxidative regime of laser marking,
the determining parameter for both corrosion resistance and color strength is the heat input, shown

in equation (2.1) [83], [86], [88], [90], [116].

2.5.Chemical Passivation

Chemical passivation in the medical device industry is widely used, to enhance the inherent
corrosion resistance of stainless steel. The concept is to ensure a coherent passive layer, with no
initiation points for pitting corrosion, which is known to occur in points where there is a weak point
such as a gap or patrticle interrupting the oxide layer [123]. The process of chemical passivation
has been applied to dissolve free iron particles embedded in the surface of machined components,
or selectively remove iron oxide instead of chromium oxide, which would be pitting initiation sites
[124]. For many years, chemical passivation has been performed with nitric acid, which would
dissolve impurities and enable oxidation to form the passive layer of Cr.O3 [125]—-[128], but
principally any oxidizing acid could be utilized. The effect of different acids was investigated by
Laoire et. al. and showed that the ratio of Cr:Fe increased in the surface for chemical passivation
performed with both nitric and citric acid [129]. Li et. al. has recently shown that both the general

corrosion resistance and the pitting corrosion resistance are enhanced [127], [130]

For some time now, the industry has been moving towards citric acid passivation instead of the
conventional nitric acid passivation [131]. The motivation behind this is the clear environmental
advantages of citric acid and the reduced health/accident risks when handling the chemicals [132]—
[134]. Citric acid is a much weaker acid and can be freely added to food without health risks, while
nitric acid is a strong acid which can be a serious health risk upon contact with liquid or vapor and

has stricter requirements for waste handling [132].

22



Chapter 2 Literature Study and State of the Art

Comparing nitric- and citric acid passivation, most authors observe similar or even improved
corrosion resistance after citric acid passivation, via electrochemical measurements [135]-[139].
Da Costa et. al. investigated the composition of the passive layer on AlSI 316L stainless steel,
after citric acid passivation at different levels of citric acid concentrations [138]. They found an
increase of Cr,O3 which translates to a higher corrosion resistance, by increasing the acid content
at concentrations from 10-20 wt%. At higher acid concentrations, they instead found a decrease of
Cr,0s3, indicating that high acid contents are instead harmful to corrosion resistance, as the passive

layer is dissolved.

Even if titanium is perceived as the pinnacle of biomedical materials with excellent corrosion
resistance, it is still commonly cleaned and passivated in HCI. Citric acid passivation has also been
investigated as an alternative on titanium-based alloys. Verdeguer et. al. showed that citric acid
improved the corrosion resistance and acted as a bactericide compared to HCI and is a viable

chemical to treat titanium-based products before application [140].

2.6.Fatigue Strength

Fatigue in metals is the concept of progressive weakening after cyclic loading of the material. The
applied load can result in either tensile or compressive stresses. In relation to fatigue strength, it is
the tensile stresses which are of particular importance [141]. This progressive degradation takes
place in the form of a crack which will develop and be responsible for a final fracture. There are
three stages to fatigue damage: Crack initiation, crack propagation, and fracture. Crack initiation is
by far the longest stage and will happen earlier in geometries where a stress concentration is
present during loading [142]. In bending fatigue testing, a notch is sometimes created in the
material to simulate such a geometry. However, the sensitivity of a material to notches is also
largely affected by the direction of the applied load [143]. After crack initiation, the crack will grow a
little with each load cycle, as the crack itself acts as a site for stress concentration, causing plastic

deformation at the tip for each load cycle. [141], [142]. The factor of stress concentration depends
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strongly on the crack length, and eventually a critical stress level is reached, causing the crack to

grow fast, resulting in a fast (brittle) fracture.

Several factors influence the fatigue strength of materials and has been the subject of research for
many years [144]. The general strength of the materials is important as it resists the crack
propagation and increases the critical stress, while notches increase the likelihood for crack
initiation. Other more subtle factors such as the microstructure are also of importance. Titanium
alloys can be optimized for fatigue performance by ensuring a bi-modal microstructure to inhibit the
deformation and crack growth, meaning features on the grain-level are of importance [145]. In a
review performed of J. A. Hall on the fatigue crack initiation of a--titanium alloys it is estimated
that 80-90 % of the fatigue life is the development of crack-like features to a size where they can
be observed [146]. The author gives several recommendations on how to improve the fatigue life
other than creating defect free components [145]. The a/p ratio can be optimized, and a finer
microstructure with no macroscopic texture should increase the resistance to crack nucleation
[146]. Ti6Al4V is generally performing better than the CP-titanium alloys regarding fatigue,
however the performance of this strongly influenced by microstructure. The bi-lamellar

microstructure of Ti6Al4V is reportedly performing worse than globularized microstructures [147].

For dental implants, certification of the fatigue strength and reliability is measured according to ISO
14801 [148]. It is the standard method for dental implants, as it describes the worst-case scenario,
where force is applied on the implant during chewing, and where the implant is angled. Figure 2.8

shows a sketch of a generalized fatigue testing setup according to ISO 14801, where the specimen

in placed in an angle of 30° to a piston which will apply pressure to simulate the patient chewing.
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Figure 2.8: An illustration of a generalized setup of dental implant fatigue testing according to 1ISO 14801.4

The test can be performed either in air or in isotonic salt water. Many factors affect the
performance of a dental implant such as mechanical properties, stress concentration factors as
well as the geometry and dimensions of the implant system. Léon et. al. has via ISO 14801 shown
that increasing the height of the crown lowers the measured endurance limit [149]. This is
equivalent to increasing the arm length. The method is commonly used as a comparison between
commercially established products and new developed technologies. It has been used to compare
conventional titanium-based implants to biocompatible ceramics, showing insufficient fatigue
strength in the otherwise promising ceramics [150]. It is also used in combination with numerical

simulation to evaluate changes in implant system geometry [151].

4 Adapted from [148].
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The medical device industry demands unique device identification (UDI) tags on metallic
components applied via laser marking. A common issue is that the visual appearance of the
marking becomes poorly legible over time due to loss of contrast. Nanosecond pulsed laser
irradiation was used to grow an oxide layer on two different martensitic stainless steels AlSI 420F
mod and 420B to compare the influences of the chemical composition of the steel (with and without
S), power density, and energy input. The corrosion behavior was found to depend strongly on laser
energy input. The presence of sulfur negatively affected the corrosion resistance and narrowed the
applicable window for the laser processing parameters significantly. For the sulfur-containing AISI
420F steel, 3—5 pm wide craters formed on the surface after laser marking, which is interpreted as

thermal degradation of protruding MnS inclusions resulting from the laser marking process. Also,
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substantial cracking in the oxide layer was observed. The marked specimens suffered from
corrosion in a thin zone below the formed oxide layer. This behavior is attributed to Cr-depletion in

the zone adjacent to the oxide layer, resulting from providing Cr to the growing oxide layer.

Keywords: Laser marking, martensitic stainless steel, corrosion, surface treatment, heat affected

zone, manganese sulfide

3.1.Introduction
In recent years, the focus on product traceability has increased steadily. The medical device
industry is required to provide full traceability for all medical devices in the form of unigque device
identification (UDI) systems [1, 2]. This requirement infers that items are marked with a permanent
identification marking applied directly onto the product. It is recommended that the marking should
appear in a ‘human-readable format’; QR- (quick response) code and barcodes are also common.
A prerequisite for a ‘human-readable format’ is significant contrast or color difference between the
marking and the component, so it is readable without aids. The benefits of full traceability by UDI
systems are particularly evident for medical implants. Wilson et al. projected a significant increase
in cost and man-hours spent on failed implants that cannot be identified [3]. UDI was proposed as
a standard method for part identification to document treatment of patients with a history log
describing the specific equipment used [4]. An increasingly popular technology for producing
permanent, direct UDI product marking is the laser marking method, also referred to as laser
annealing [5, 6]. This method is established as the industry standard marking method for medical
devices. Depending on the laser parameters, the interaction of a laser with a substrate surface
causes heating, resulting in oxidation, melting and/ or ablation [7]. For metallic components
sufficient color strength or contrast relative to the substrate is commonly achieved through the
growth of an oxide layer or, if the device is coated, by ablation of a darker surface layer [6]. For
pulsed lasers, irrespective of whether oxidation or ablation is practiced, the outcome is strongly
affected by the peak power density, P, (W/m2). This parameter depends on the energy of a single

pulse Ep, the projected spot size of the laser A, and the pulse length t, [8]:
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E
Pp = ﬁ (31)

The energy of a single pulse can be calculated from the average power P, and the pulse frequency

P
f, Ep = ]—C

The peak power density is adjusted to achieve laser marking in the oxidative or in the ablative
regime. Lower Py, as applicable for this investigation, is chosen so that laser marking occurs in the
oxidative regime where no ablation and limited melting occurs. A local increase in temperature
enables the reaction of atmospheric oxygen and oxide-forming elements (chromium) from the steel
to form an oxide layer. This oxide layer appears black on the metallic surface. The high
temperature alters the composition and microstructure in the surface-near region, not only by
reaction with the atmosphere, but potentially also by evaporation of more volatile species from the
steel. For relatively high Py, laser marking occurs in the ablative regime where oxides are no longer
stable. In this mode of operation material melts and evaporates, leaving engravings in the metal
surface. Ablative laser marking provides contrast by local surface roughness, and generally
appears white on the substrate. Another important parameter is the energy input, Es (J/m2), which

describes the energy per unit area transferred to the surface and influences oxide layer growth [8]:
Es=— (3.2)

here v is the scanning speed and Is is the hatch spacing. In this work, oxidative laser marking is
considered; ablation is avoided. Laser marking with nanosecond pulsed YAG fiber lasers,
operating at a near-infrared wavelength of 1064 nm and up to 25 W of power, is widely used in the
medical device industry. The economical alternative to fiber lasers is CO2 lasers, which operate at
significantly higher power of up to 200 W for laser marking. The wavelength of CO2 lasers is 10-
600 nm [6]. The effect of laser markings on the corrosion performance has been investigated for
the austenitic stainless steels AISI 304L and 316L, which are widely applied in the medical industry

[8-11]. It was found that laser marking locally alters the microstructure and chemical composition,
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and that corrosion resistance is generally deteriorated after laser marking. Svantner et al.
identified, via saline mist corrosion tests, that corrosion resistance is most sensitive to the laser
energy input [10]. Lawrence et al. [9] explained a lower corrosion resistance by chromium depletion

from the substrate, after growth of a chromium containing oxide layer.

Limited research attention has been given to laser-marked martensitic stainless steels. This class
of steels has generally lower inherent corrosion resistance, as compared to their austenitic (or
ferritic) counterparts, due to the generally lower chromium (and nickel) content and the tendency to
form chromium-containing carbides. Steyer et al. evaluated the corrosion resistance of martensitic
stainless steel after laser marking in both the oxidation and the ablation regime [12]. They identified
chromium depletion in the substrate adjacent to the oxide layer as the cause of loss of passivity
after oxidative laser marking. For laser ablation, only a slight modification of the chemical
composition was observed and, consequently, the corrosion resistance was only modestly

reduced.

In the present study, the response of two martensitic stainless steel types after oxidative laser
marking is investigated. One of the investigated martensitic stainless steel types contains a
relatively high amount of sulfur and manganese. For some steel grades, manganese sulfide (MnS)
is added intentionally to improve machinability [13]. Manganese sulfide inclusions in stainless steel
are notorious pit initiation sites that accelerate corrosion attacks. The exact mechanism is debated
to be either chromium depletion around MnS, the effect of MnS oxidation products or combined
effects [14—17]. The effect of MnS inclusions on laser marking performance is presently unknown.
This study investigates the effect of various laser marking treatments on the microstructure and

associated corrosion performance of martensitic stainless steels.
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3.2.Experimental: Materials and Methods

3.2.1. Materials

Two martensitic stainless steels, AlISI 420Fmod and 420B, were provided by Klein Metals in the
form of drawn rods. These steels are commonly utilized in the manufacturing of medical devices in
the dental sector for surgical tools (not for implants) and are also listed in the ASTM F899 standard
for wrought stainless steels for surgical instruments. The chemical compositions of the investigated
steels are listed in Table 3.1. The main difference in chemical composition is the presence of more
sulfur, manganese, and molybdenum in 420Fmod. From the chemical composition [13] and
supplier information, abundant manganese sulfides are expected in 420Fmod. This phase is
known to improve machinability and prolong cutting tool life during milling and lathe-turning [18].
The carbon content is higher in 420B and will promote the formation of chromium carbides.

Table 3.1: Chemical composition of the investigated stainless steels AISI 420Fmod and 420B, carbon and sulfur are

measured via infrared spectroscopy on the LECO CS230 combustion analyzer and other elements are measured via

energy dispersive X-ray spectroscopy.

Element (w%) C Si Mn S Cr Ni Mo Fe
AISI 420Fmod
EN 1.4197 0.21 0.4 15 0.27 12.7 0.8 1.1 bal.

X20CrNiM0S13-1

AISI 420B
EN 1.4028 0.27 0.4 0.6 0.03 12.0 0.2 - bal.

X30Cr13

Samples were in the form of lathe-turned discs with a diameter of 18 mm (420Fmod) and 12 mm
(420B), both with a thickness of 3 mm. Before laser marking, heat treatment was performed in an
industrial vacuum furnace. The heat treatment consisted of annealing at 1050 °C in 2 mbar H2 gas

followed by gas quenching in 3 bar N2. Tempering occurred at 300 °C for 2 hours. Subsequently,
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approximately 300 um of the surface was removed by grinding on metallographic preparation

equipment; the last grinding step was mesh 4000 SiC abrasive paper.

Laser marked area

18 mm/12 mm

Figure 3.1: Sample geometry of steel discs with laser marked area on one side.

3.2.2. Methods

3.2.2.1. Laser Marking
Laser marking was applied onto one side of the disc-shaped samples under ambient conditions
(Figure 3.1) using a pulsed nanosecond YAG fiber laser (Y.0200, FOBA, Germany), with a
maximum average power of 20 W and a wavelength of 1064 nm. The equipment was operated
with a focused laser beam and a nominal spot size of 30 um. Average laser power (P) and scan
speed (v) were varied, thereby varying the parameters that determine the peak power density Pp
and the energy input Es, as described in equations (3.1) and (3.2). A pulse frequency of 200 kHz
and pulse length of 200 ns were kept constant. Anti-parallel criss-cross pattern marking strategy
was applied, as illustrated in Figure 3.2. The hatch spacing was 5 um, giving a line overlap of 83
%. The laser marking strategy is representative of current methods utilized in the industry. The
energy distribution of a fiber laser spot is approximately Gaussian, resulting in an inherent
heterogeneity of the laser-marked surface. A large degree of line overlap contributes to more
homogenous energy input to the surface, as each location is passed several times at different
energy levels within the Gaussian energy distribution. Since the border of the laser marking
displays heterogeneity, due to the lack of overlapping laser passings, it is excluded from

microstructural analysis and electrochemical testing.
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Figure 3.2: Laser marking strategy is anti-parallel lines with 90° rotation.

Four parameter sets (Table 3.2) were investigated to determine the effects on electrochemical

behavior in relation to power density and energy input.

Table 3.2: Parameters utilized when laser marking samples for experiments.

Parameter set P (W) v (m/s) Pp (W/m?) Es (J/m?)
#1 9 1.50 3.1-10% 1.2:10°
#2 5 0.80 1.8-101 1.3-108
#3 5 0.50 1.8-101 2.0-10°
#4 5 0.25 1.8-101 4.0-108

3.2.2.2.

Light optical microscopy and scanning electron microscopy (SEM)

Light optical microscopy was carried out with a Zeiss Axio Vert A1 microscope on polished and

etched cross-sections of laser-marked samples. The cross-sections were embedded in Struers’

Isofast epoxy resin, ground, and polished using standard metallographic preparation methods. For

scanning electron microscopical investigations close to the surface, the samples were wrapped in

aluminum foil to preserve the integrity of the oxide layer. The last steps included polishing with 1

pm diamond suspension, followed by polishing with a colloidal silica suspension. Etching was

performed with Kalling’s reagent to reveal microstructural features.

The topography was investigated with digital microscopy (Keyence VHX 6000) to document large

portions of the laser-marked surfaces. A Zeiss Supra 35 scanning electron microscope (SEM) was

used, applying acceleration voltages of 10—-25 kV to investigate metallographic cross-sections and
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surface topography. The lower voltage was used for secondary and backscatter electron imaging,
while the highest voltage was used for energy-dispersive X-ray spectroscopy (EDS). The working

distance was between 12 and 13 mm for all modes of operation.

3.2.2.3. X-ray diffraction analysis
X-ray diffraction (XRD) analysis was utilized for phase identification. A Bruker discover D8
diffractometer equipped with a chromium tube, was used to analyze the base material and phases
formed on laser irradiated surfaces. Diffractograms were recorded in the scattering angle range
30-110° 26 with an increment of 0.04° and a counting time of 5 seconds per step. The wavelength

of the Cr-Ka radiation was taken as 2.289 A.

Two modes of operation were utilized: symmetrical scan and grazing incidence (GIXRD). In the
symmetrical mode, the angle between the sample surface and X-ray source is identical to the
angle between the detector and sample surface. In this measurement mode, the information depth
increases from 1 ym for 20° 20 to 5.5 ym for 150° 20. GIXRD maintains a constant incidence
angle between the X-ray source and sample surface, and only the detector angle is varied. An
incidence angle of 5° ensures an approximately constant shallow information depth of ~0.7 um in

the scattering angle range 20-150° 20. Data has been smoothed via the Savitzky-Golay method.

3.2.2.4. Electrochemical characterization
Potentiodynamic polarization tests were performed in a Gamry PTC 1 paint test cell with Gamry
PT1 electrochemical masks covering the surface to expose a laser-marked area of 1 cm?. The
electrolyte consisted of 0.1 wt% NaCl in demineralized water. This relatively mild electrolyte was
chosen to reveal differences between the two investigated conditions. A saturated calomel
reference electrode and a graphite rod as the counter electrode (as supplied by Gamry) were used.
All potentials are reported as standard hydrogen electrode (SHE) potentials, as obtained by the

addition of 244 mV to potentials measured with the saturated calomel electrode.
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The open current potential (OCP) was measured for 600 s just before polarization.
Potentiodynamic polarization involved scanning from -100 to 500 mV relative to the measured
OCP. A scan rate of 30 mV/min was utilized, and measurements were repeated three times on

new samples. All experiments were performed at room temperature.
3.3.Results and Interpretation

3.3.1. Metallographic analysis
All samples showed a darkening of the surface after laser marking. Qualitatively, the highest
contrast relative to the substrate is observed in samples treated with parameter set #4 followed by
#3 and #1. #2 samples showed the least color saturation (Figure 3.3). Some difference is observed
between laser parameter sets. Parameter sets #4 and #3, i.e., high Es, showed the darkest and
most uniform laser marked surfaces. Specimen #2 exhibited an uneven, muddy appearance and
features reminiscent of the steel production are still visible after laser marking. Specimen #1, i.e.

high Pp, although dark, appears lighter than #3 and #4 on inspection from different angles.

-0 00 e
rxrx

#2 #3
420B
Figure. 3.3. Appearance of laser marked samples for both investigated steels, for all four laser marking parameter sets

@ e

—

Surface images of both materials after laser marking with the four parameter sets are shown in
Figure 3.4, to reveal differences in morphology and color. Apart from AlISI 420Fmod marked with
parameter set #2, the laser tracks are observed on the sample surfaces. Samples marked #1 with
the highest power density, exhibited the most pronounced laser tracks. AISI 420Fmod suffers from

abundant crater-like features. For AISI 420B fewer and smaller crater-like features are observed.
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Brownish corrosion products appear to emerge from some craters on AlSI 420Fmod #1 (see
arrows). Specimen #2 has the lowest density of craters for 420Fmod but contains many areas
without visible oxidation. These could potentially have developed into craters if sufficient energy
had been applied. Qualitatively, specimen #3 has the highest density of craters. On 420B #2, the
topography appears blue in certain areas, interpreted as colors caused by interference of light with
a thin oxide layer. Increasing the energy input to the levels of #4 resulted in the darkest color and

the largest crater diameter, while the laser track features are no longer visible.

An example of a cross-sectional analysis of etched laser-marked samples is shown in Figure 3.5.
The hardness of AISI 420B and AISI 420Fmod is 554 + 3 HV1 and 559 + 4 HV1, respectively, as
measured in the as-received condition, indicating a microstructure of tempered martensite. An
apparent difference in bulk microstructure between AISI 420Fmod and 420B, is the appearance of
stringers (=50 um long and 3-5 um wide) elongated along the drawing direction in 420Fmod.
These are interpreted as MnS inclusions. Although some MnS stringers were found in 420B, they
are far more numerous in 420Fmod. At the top of the laser marked surface, a dark oxide layer is
observed (Figure 3.5b), containing cracks perpendicular to the surface. The oxide layer on #3 is
the thickest (=2 ym) and most easily observable. The oxide layer thickness is < 1 um for #1 and
cannot be discerned with light optical microscopy for #2. Below the oxide layer, a heat-affected
zone (HAZ) is identified. The top 2 um appears to have a different etching response than the rest

of the HAZ. This is interpreted as resulting from austenite stabilization.
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Figure 3.4. Birds-eye digital micrographs of representative areas of the laser marked surfaces of AISI 420Fmod and

420B for the four investigated laser parameter sets.
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* Laser marked surface *

Drawing direction

Figure 3.5. Etched cross-section of AISI 420Fmod (a, b) and 420B (c) after laser marking with parameter set #3 at
different resolutions.

Selected SEM micrographs of cross-sections and surface topography are given in Figure 3.6.
Backscatter electron imaging of cross-sections shows an oxide layer that appears darker than the
steel, because of a lower effective atomic humber and, hence, a lower backscatter electron yield
(Figure 3.6a). Additionally, Figure 3.6a shows a cross-section over one of the craters observed in
Figure 3.4. The crater appears to be associated with the (former) presence of a MnS inclusion.
EDS confirmed the abundant presence of sulfur and manganese at this location. EDS on the top of
an unmarked and polished sample, revealed many locations with high manganese and sulfur
intensity. The thickness of the oxide layer was estimated in SEM on samples wrapped in aluminum

foil. Specimens #1 and #2 resulted in an oxide thickness up to =0.2 ym. The higher Es of
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specimens #3 and #4 resulted in a more uniform thickness of 0.4 ym and =0.7 um, respectively.

An example of an intact oxide layer is shown on Figure 3.6c.

The topography of the oxide developing during laser marking (Fig. 4.6b), clearly shows the
direction of the laser tracks. The width of the tracks corresponds with the nominal hatch spacing of
5 um. In-between the tracks, white spots are present, which are too small to be resolved with EDS
for elemental analysis. The oxide layer contains many cracks originating from locations where laser
tracks overlap. MnS craters appear to act as locations where cracks join or, rather, radiate from.
Similar cracks were observed in all laser markings for both materials but were more numerous for
specimen #3. In general, fewer cracks were found in the oxide layers on 420B, suggesting that the

craters act as crack initiation sites.

Crater

(a) (b)

(c) (d)

Figure 3.6. SEM images of 420Fmod (a) backscatter electron image of a cross-section and (b) secondary electron image
of the laser marking viewed top down. A backscatter electron image of cross-section of a non-corroded area of laser

marked 420Fmod with #4 (c) and a corroded area of the same sample (d)
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Figure 3.6c shows laser-marked AISI 420Fmod at a location where the oxide layer appears intact.
In Figure 3.6d another location on the same cross-section is presented, where the corrosive attack
is observed. Apparently, the region below the oxide layer is partly dissolved and the oxide layer
has sunken into the resulting cavity, thereby promoting crack formation in the oxide layer. The
cracking may be aggravated by sample preparation; however, the dissolution of metal underneath

is not. Below the corroded area, a MnS inclusion is present.

EDS analysis in cross-section confirmed enrichment of chromium in the oxide layer, while it is
relatively poor in iron (Figure 3.7). Qualitatively,1 a slight trend is observed that the Cr content in
the steel adjacent to the oxide layer is lower than in the bulk (see arrow). It is noted that the
resolution of EDS (Figures. 3.7b—d) is not as good as in BSE imaging and, therefore, does not

allow to distinguish all the features observed in Figure 3.7a (see also footnote °©).

BSE 0]

Figure 3.7. Backscatter image of oxide layer (BSE) and EDS maps of the cross-section of #3 laser marked 420Fmod,

showing the distribution of Cr, O and Fe as red colors.

61t is noted that the features observed are too small to be analyzed (semi-)quantitatively with EDS, because
the interaction volume from which the characteristic X-rays originate corresponds to a spatial resolution that
is appreciably poorer than the size of the features themselves. Therefore, we suffice with a qualitative
analysis only.
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3.3.2. Phase analysis
Symmetrical XRD of unmarked samples revealed the presence of face-centered cubic (FCC) and
body-centered cubic (BCC), denoted in Figure 3.8 as a and y, respectively. BCC originates from
(tempered) martensite, while FCC indicates the presence of retained austenite in the material. A
relatively large amount of retained austenite is present in both alloys, as suggested by the relative
intensity of austenite peaks; the fraction of (retained) austenite was not quantified. The key
difference between the two materials is the abundant presence of manganese sulfide (MnS) in
420Fmod. Indeed, much lower intensities of MnS peaks are observed for 420B. Energy dispersive
spectroscopy confirmed high concentrations of sulfur and manganese in the stringers observed in
Figure 3.5. The lack of additional MnS peaks in Figure 3.8 and the clear directionality of the MnS
stringers (see Figure 3.5a/c), suggests a strong crystallographic texture in this microstructural
constituent. No diffraction evidence for the presence of carbides was observed, owing to the
relatively low phase fraction of such carbide (< 5 %) and the relatively high background resulting
from the chosen measurement conditions. Phase analysis with GIXRD revealed more details in the
laser-marked surface region (Figure 3.9). Not all laser-marked surfaces showed diffraction peaks
identifiable as oxide. The identifiable oxide peaks originate from FeCr204 spinel and/or Fe304 and
are labeled as oxide in Figure 3.9. Obviously, the relative intensities of FCC and BCC peaks are
affected by the laser treatment. A remarkable increase in austenite intensity is observed for all
laser-treated surfaces as compared to the unmarked surfaces, indicating an increase in the
amount of (retained) austenite. No apparent differences in austenite intensity were observed for

the different laser marking conditions. Only one peak of the MnS phase is visible.
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Figure 3.8: X-ray diffractogram of unmarked AISI 420Fmod and 420B (symmetrical scans).
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Figure 3.9: GIXRD diffractograms of AISI 420Fmod and 420B before (bottom) and after laser marking with parameter
sets #1-4 (increasing).
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3.3.3. Electrochemical Analysis
Potentiodynamic polarization tests were performed to evaluate the electrochemical behavior of the
laser marked specimens. Since the surface roughness can drastically change upon laser marking
a polished sample surface, the unmarked (polished) samples are not directly compared, because
they would establish an inappropriate reference. Instead, the results for the unmarked specimens
are shown in Figure 3.10. The differences in electrochemical behavior between 420B and
420Fmod are interpreted as consistent with the higher Mo (and Ni) content in 420Fmod and the
higher C content in 420B. The differences in composition lead to a higher corrosion potential, lower
passive current density, and higher pitting potential for 420Fmod. The shape of the polarization
curve of unmarked 420Fmod shows pseudo-passivation rather than active dissolution of the metal.
This is also reflected by the PREN numbers [24] which are 16.3 and 12 for 420Fmod and 420B,
respectively.’” Evidently, the anticipated negative effect of MnS is effectively compensated for by
the higher Mo (and lower C) content. Examples of polarization curves for marked laser specimens
are collected in Figure 3.11 and the extracted electrochemical properties are listed in Table 3.3.
The unmarked specimens in Figure 3.10 exhibit similar corrosion potentials as the laser-marked
specimens #1 and #2 with lower energy inputs. As mentioned, the current densities should not be

compared due to differences in corroding surface area.

It is noted that PREN does not consider the influence of C in solid solution.
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Figure 3.10: Potentiodynamic polarization curves of as received AlSI 420Fmod and 420B ground surface without laser

marking.
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Figure 3.11: Potentiodynamic polarization curves of laser marked AlSI 420Fmod (black) and 420B (red) with laser

parameters #1 (solid) and #3 (dashed).
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The data presented in Figure 3.11 shows that AISI 420Fmod exhibits limited passivity. Increasing
the energy input from #1 to #3 reduces the corrosion potential by 145 mV (Ecor) and increases the
corrosion current by approximately a decade (Table 3.3). No pitting potential can be determined in
the polarization curves for 420Fmod,; rather, this laser-marked steel manifests the characteristics of
uniform corrosion. The corrosion current density increases approximately linearly with potential for
almost three decades, indicating activation-controlled corrosion. This corrosion behavior enables
the fitting of both cathodic and anodic Tafel slopes for assessment of the values reported in Table
3.3. The corrosion potential changes slightly on changing the laser marking parameters, whereas
the passivity and pitting potential are reduced significantly for increased laser energy input. Figure
3.12 shows that a high energy input compromises the corrosion resistance, but also that it is
material dependent. Generally, 420B performs better than 420Fmod and the corrosion potential is
not as sensitive for an increase of the energy input from 100 to 200 J x cm2,

Table 3.3: Electrochemical values extracted via Tafel extrapolation from both anodic and cathodic Tafel curves. Values

for unmarked samples are extracted by the cathodic Tafel curve and a horizontal line through the OCP. All values for

laser marked specimens are averages of 3 measurements.

Laser Ecorr icorr Bc Ba
Parameters Material (mV SHE) (mA/cm?) (mV/dec.) (mV/dec.)

420F mod 32 4.5-10* -118 79
#1

420B 77 1.6-104 -99 68

420F mod 36 9.3-10+ -158 35
#2

420B 57 1.4.104 -116 68

420F mod -113 2.8-10% -155 83
#3

420B 64 1.6-104 -100 51

420F mod -184 6.9-103 -200 80
#4

420B -127 4.2-108 -182 74

420F mod 12 1.9-10° -57 -
UM

420B -8 1.1-104 -70 -
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Figure 3.12: The measured corrosion potential vs the energy input of the laser marking.

3.4.Discussion
The present investigation identified two critical parameters that affect the corrosion resistance of
martensitic stainless steels after laser-marking: the energy input of the laser and the chemical
composition of the steel. Laser-markings with relatively high energy input were earlier reported to
lead to the inferior corrosion resistance of austenitic stainless steels [10]. This was attributed to
chromium depletion in the sub-surface region to form the chromium-containing oxide layer [9, 12].
A similar explanation may apply to the present martensitic stainless steels. As follows from Figure
3.12, the corrosion resistance is dramatically reduced, above a certain energy input during laser
marking. Qualitative EDS of the oxide layer confirmed the presence of chromium-enrichment in the
oxide layer, and an associated depletion of chromium in the underlying steel is faintly resolved with
EDS. A steel with a relatively high chromium content is anticipated to perform best because it can
tolerate more Cr-depletion before it loses its self-passivating performance at a threshold Cr-content
in a solid solution of 10.5 wt% Cr. It should be noted that for lower energy inputs, the corrosion
potential remains largely the same, which would be consistent with a remaining Cr content above
the threshold value. AISI 420F mod and 420B have similar chemical compositions (see Table 3.1),
apart from the substantial sulfur content, the presence of Mo, Ni, and the lower C content in

420Fmod steel. Even though in as-received condition 420Fmod shows better electrochemical
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performance than 420B (Figure 3.10 and Table 3.3), it performs poorer than 420B after laser
marking for all conditions investigated, but particularly for the higher laser input. This difference in
corrosion behavior should be discussed in relation to the observed microstructural changes in the
near-surface regions of the steels after laser marking. Apart from the formation of an oxide layer
under the consumption of Cr from the steel, the heat input is expected to lead to carbide
dissolution. Upon repassing the laser beam, re-precipitation of Cr-based carbides (M23C6) would
be expected. Considering the higher carbon content, this effect would be pronounced for 420B.
Nevertheless, 420B shows the best electrochemical performance. Alternatively, a higher content of
C in solid solution in austenite in 420B than in 420Fmod may be responsible for better
electrochemical performance. In the respect, it is remarked that laser marking in air (with
approximately 78 % N2) for surface oxidation may lead to local decarburization and nitrogen
ingress. The presence of C and/or N in solid solution near the surface is interpreted as the cause
for the stabilization of austenite in the heat-affected zone. The presence/absence of C/N in this
region cannot be confirmed/excluded by EDS; instead, surface analytical investigation appears

necessary. These will be the subject of future investigations.

The influence of the presence of MnS stringers on the electrochemical behavior after laser marking
is discussed as follows. Comparing Figures 3.10 and 3.11, laser marking of 420Fmod results in a
loss of the pseudo-passive behavior, even though the corrosion potential can be kept constant for
relatively low heat input. Evidently, the interaction between the laser and protruding MnS results in
the degradation of MnS. Access is then provided to the vulnerable material adjacent to MnS and
underneath the oxide layer, which could have a higher content of sulfur or lower content of
chromium than before laser marking [14—16]. A higher sulfur content would lower the activation
energy for dissolution of metal, prevent re-passivation and promote corrosion. This would explain
the difference between sulfur-containing and sulfur-free steels [20]. Access of the electrolyte to the
sub-oxide region in 420Fmod is provided by the abundant craters and cracks that have formed in

the oxide layer (cf. Figure 3.6b). It is likely that the craters on the surface of 420Fmod develop from
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thermal degradation of MnS by interaction with the laser. MnS should evaporate at temperatures >
1600 °C [21], which is certainly attainable with the investigated laser energies, depending on
substrate absorptivity and heat capacity. After laser marking of 420Fmod, pit initiation is no longer
required, as reflected by the absence of a pitting potential (cf. Figure 3.11), because essentially,
the craters act as pits and still contain MnS at some distance from the surface. The presence of
MnS inclusions in stainless steel affects the pitting potential adversely [22, 23]. It is suggested that
the small white dots on top of the oxide layer in Figure 3.6b are redeposited metallic manganese.
Upon entering through the craters and cracked oxide layer the electrolyte is expected to attack the
shallow Cr-depleted zone. Accordingly, corrosion occurs sub-surface which can cause
delamination of the oxide layers, accompanied by loss of contrast. In Figure 3.6d the result of
corrosion attack is observed in the sub-surface with the oxide layer collapsing because of lack of
support. This corroborates the hypothesis that corrosion takes place in a shallow Cr-depleted
region below the oxide layer. Accordingly, the better corrosion resistance of 420B as compared to
420Fmod is explained by the smaller number of crater-like features, as a consequence of the lower
sulfur and, thus, lower MnS content. Further improvement of the corrosion resistance after laser
marking could be achieved by avoiding cracks in the oxide layer. It is inferred from Figure 3.12 that
a thicker oxide layer leads to lower corrosion resistance. A thicker oxide layer implies more Cr-
depletion in the underlying metal and promotes the occurrence of cracks. The origin of the cracks
was not further investigated in this work, but it can be associated with the generation of tensile
stresses in the oxide. Since the thermal expansion coefficient is smaller for oxide phases than for
the metallic phases, a difference in thermal shrinkage does not cause tensile stresses in the oxide
layer. A volume expansion in the region underneath the oxide layer could be martensite formation
from austenite during cooling. Also, thermal gradients as imposed by local reheating on passing by
an adjacent laser track could lead to the volume changes that lead to tensile cracking of the oxide
layer. Hence, the hatch spacing is expected to play an important role. The origin and control of

stresses during laser marking is the topic of future investigations.
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The microstructural consequences of laser marking of martensitic stainless steel can be observed
in the HAZ on Figure 3.5b and in the GIXRD phase analysis in Figure 3.9. The most obvious
change is the formation of an oxide layer on top by a reaction between chromium from the
substrate and oxygen from the atmosphere. Chromium is a strong oxide-forming element and the
cation species in the oxide layer is primarily chromium, as shown by EDS analysis in Figure 3.7.
During a laser pulse, tempered martensite in the HAZ is transformed to austenite; rapid cooling in-
between pulses forms fresh martensite atop the original tempered martensite in the bulk. The
content of retained austenite after laser marking is higher as evidenced by XRD in Figure 3.9. This
could be observed as the featureless top part in the HAZ in Figure 3.5b. The top part of the HAZ
has carbon from dissolved carbides and/or nitrogen dissolved from the ambient [19]. Promoting the
ingress of nitrogen in the HAZ may compensate for the loss in corrosion resistance by Cr depletion
because nitrogen has a large effect on the pitting resistance equivalent number (PREN) [24],
provided that nitride formation is prevented. After laser marking the phase fraction of (retained)
austenite decreases with depth until the retained austenite content of the unaffected steel is

reached.

Summarizing, the successful application of UDI on stainless steel with oxidative laser marking
requires optimization of material composition, oxide formation and laser parameters. An important
factor in avoiding deterioration of the corrosion resistance after laser marking is selecting a steel
free of manganese sulfides, as the abundant presence of such inclusions is equivalent to
introducing pitting sites upon laser marking. Laser marking parameters should be chosen to
achieve a compromise between low energy input and sufficient oxide layer thickness to obtain
readable UDI. Moreover, a remedy for crack formation in the oxide layer has to be identified.
Additionally, laser markings are preferably made on surfaces normal to the drawing/rolling
direction, which is the direction of elongated MnS stringers. Laser marking on surfaces parallel to

the drawing direction is anticipated to result in grooves instead of craters.
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3.5.Conclusions

- The energy input during laser marking is a critical parameter; beyond a certain level, the
inherent corrosion resistance of the stainless steel is adversely affected. If martensitic
stainless steel has abundant MnS inclusions present as stringers, the critical energy input
beyond which poor corrosion resistance is observed is significantly lower than for a MnS-
lean steel quality of the similar composition.

- By interaction with the laser, MnS aligned normal to the marked surface will thermally
degrade, leaving craters in the oxide layer. Such craters act as pits for corrosion, which is
also reflected by uniform corrosion performance without identifiable pitting potential.

- The formation of a uniform protective oxide layer was not possible with the applied
combination of laser marking parameters and martensitic stainless steels. Craters in the
surface at the location of MnS inclusions and cracks in the oxide-layer provide routes for

corrosion to degrade the Cr-depleted sub-oxide surface zone.
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The medical device industry is required to apply unique device identification tags on multi-use
equipment. In the industry, this is most commonly done via oxidative laser marking, which has
been shown to decrease corrosion resistance of stainless steels locally in the laser marking. Two
martensitic stainless steels, EN 1.4197 and 1.4028, commonly used in the medical industry, were
subjected to high temperature solution nitriding, in an attempt to mitigate the loss of corrosion
resistance associated with a subsequent laser marking. A nanosecond pulsed fiber laser was
utilized to investigate different laser parameter sets on nitrided specimens. The key difference
between the steels is that 1.4197 has been re-sulfurized to form MnS, while 1.4028 only contains
MnS as impurities. An analysis of the microstructure and electrochemical properties was carried
out to map the influence of nitrogen and different laser parameters. A positive effect of increased
nitrogen content was not found, but instead nitriding resulted in a more severe laser oxidation. A

large effect from the presence of abundant MnS and the laser energy input was identified.
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4.1.Introduction: Laser Marking, Medical Device and Corrosion

In recent years the demands for unique device identification (UDI) markings have increased
substantially, and all medical devices for multiple use are required to be marked with permanent
UDI [1, 2]. UDI is applied for traceability and identification of equipment and, in extension, patient
safety in case of a product recall [3]. In industry, the demands for a permanent and ‘human
readable’ marking has been interpreted as a black laser marked UDI with high contrast to the
substrate. These requirements combined with increased focus on testing corrosion properties have
led to more issues with rust formation and UDI delamination on stainless steel products. The
issues generally manifest as rusty stains or as a delamination of the black marking and thereby

loss of contrast.

Laser marking of stainless steel can be realized in ablative or in oxidative mode. Ablative mode
refers to a high power-density (in W/m?) operation of the laser, so that the temperature locally
reaches a level sufficient for evaporation. Accordingly, surface roughness contrast is achieved and
generally the marking appears white. This mode of marking results in a negligible change in
chemical composition of the exposed surface and thereby only a minor change in corrosion

properties [4].

Oxidative mode operation of the laser provides black marking on a metallic substrate. As implied
by the name, the power-density is adjusted to levels where ablation does not occur, but oxidation
and possibly melting takes place [5]. The oxidative mode is by far the dominant method for laser
marking of medical devices, and only oxidative mode laser marking is considered in this
manuscript. Laser marking in air, as is predominantly applied, causes oxide forming elements from
the substrate to react with atmospheric oxygen to form the black marking. It has been
demonstrated that the corrosion resistance of the most commonly applied austenitic stainless
steels EN 1.4301 and EN 1.4401 [6-9] as well as martensitic stainless steel EN 1.4028 [10],
deteriorates by Cr-depletion underneath the oxide layer, as a result of providing and binding Cr to

the oxide layer. In this work, it is investigated whether the negative effect of laser marking on the
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corrosion resistance could be mitigated by solution of nitrogen, which is known to improve
corrosion resistance significantly [11], for instance regarding the pitting resistance equivalent

number (PREN), which depends significantly on nitrogen content.

4.2 Materials and Methods

4.2.1. Materials
The materials investigated include two common martensitic stainless steels, that are widely utilized
in medical device applications: EN 1.4197 and 1.4028 with the chemical compositions listed in
Table 4.1. The main difference in chemical composition is the presence of sulfur and molybdenum
in 1.4197. 1.4197 is a so-called free-machining steel, as it has been re-sulfurized to form sulfides
(MnS). These sulfides act as a chip-breaking media, thereby enhancing machinability, surface
finish and reducing tool wear [12]. Molybdenum is added to improve corrosion resistance and

compensate for the negative effect from additional sulfur.

Both steels were supplied as drawn rods of 18mm and /12 mm for 1.4197 and 1.4028,
respectively. Discs of 3mm thickness were cut from the rods. The surface was polished with 3pm
diamond suspension as the last step prior thermochemical treatment. The discs were subjected to
high temperature solution nitriding (HTSN) for 1 hour at 1080°C in 500 mbar N» gas, terminated by
a gas quench in 6 bar nitrogen gas. Subsequently, the quenched specimens were tempered for 2

hours at 300°C in 1000mbar nitrogen.
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Table 4.1: The chemical composition of the investigated steels. Carbon and sulfur were measured by infrared

spectroscopy; heavier element contents were assessed with EDS.

CHEMICAL COMPOSITION
Element (w%) (C Si Mn S Cr Ni Mo Fe
EN 1.4197 0.21 0.4 15 0.27 12.7 0.8 1.1 Bal.
EN 1.4028 0.27 0.4 0.6 0.03 12.0 0.2 - Bal.
4.2.2. Methods
4.2.2.1. Laser Marking

Laser marking was performed with a pulsed nanosecond YAG fiber laser (Y.0200, FOBA,
Germany) on the nitrided and tempered discs, forming a black oxide over the entire sample
surface. A criss-cross marking strategy at 90° offset angle was utilized, implying that the laser
passed each location at the surface twice. Three sets of laser parameters were investigated (Table
4.2). The varied parameters include the average laser power (P), the laser scan speed, the power

density (Pp) and the heat input (Es). The power density is calculated as:

=t
Pp=2E [4.1]

where Ep is the energy of a single pulse, A is the area of the projected laser spot, and t; is the

pulse length. The heat input is calculated as:

E, =— [4.2]

where Is is the hatch spacing.
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Table 4.2: Laser parameters utilized for experiments.

Laser Parameters
Parameter set [P (W) v (m/s) Pp Es (J/m?)
(W/m?)
#1 9 1.5 3.1-101"  1.2-10°
#2 S5 0.8 1.8-10'" |1.3-10°
#3 5 0.5 1.8:10'" 2.0-10°

Manuscript Il

4.2.2.2. Microscopy

Light optical- and scanning electron microscopy were utilized. Light optical microscopy was
performed using a Zeiss Axio Vert A1 microscope on epoxy embedded polished cross-sections.
The embeddings were prepared with standard metallographic methods, finishing with 1um

diamond suspension polishing. The embeddings were then etched with Kalling’s etchant, to reveal

the microstructure.

Scanning electron microscopy (SEM) was performed with Zeiss Sigma microscope using an
acceleration voltage of 20 kV. The SEM analysis included energy dispersive X-ray spectroscopy

(EDS).

4.2.2.3. X-ray diffraction

X-ray diffraction (XRD) on a Bruker Discover D8 diffractometer was applied for qualitative phase
analysis. The diffractometer was equipped with a Cr tube and diffractograms were recorded at
scattering angles in the range 30-110°26. The wavelength of Chromium K,-radiation was taken as

2.289 A. The instrument was operated asymmetrically for grazing incidence X-ray diffraction

(GIXRD) mode with an incidence angle of 5°.

4.2.2.4. Corrosion analysis
The corrosion analysis is reported as values achieved from Tafel extrapolation of electrochemical
potentiodynamic polarization curves. Potentiodynamic polarization was performed in a Gamry

PTC1 Paint Test Cell and Gamry PCT1 electrochemical masking tape, ensuring exposure of 1 cm?

sample area. Only fully laser marked surfaces were investigated. Polarization occurred at 30
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mV/min in a 0.1% NaCl electrolyte, using a saturated calomel reference electrode and an auxiliary
graphite electrode. All potentials given refer to standard hydrogen potential (SHE). Before
potentiodynamic polarization, open current potential was measured for 10 min and used to offset

the polarization.

4.3.Results and Discussion

4.3.1. Light optical microscopy
Micrographs of nitrided and laser marked sample surfaces are given in Figure 4.1. Nitrided
samples appeared significantly darker than non-nitrided specimen, despite identical laser marking
parameters. As apparent from the difference between Figure 4.1a and b., there is an abundance of
crater-like features on the 1.4197 (Figure 4.1a), while such features are not observed for the
1.4028 steel. It is likely that this is the result of interaction of the laser with MnS particles, forming
craters by thermal degradation. MnS should evaporate at >1600°C, which is attainable with a
pulsed nanosecond laser [13]. The darker laser markings of the nitrided samples are explained by
a change in surface reflectivity after nitriding, as caused by the larger content of austenite at the

surface, stabilized by the dissolution of nitrogen.

@) (b)

Figure 4.1: LOM micrographs of laser marked surfaces of nitrided samples of (a) 1.4197 and (b) 1.4028.

Selected cross-sections of samples laser marked with parameter set #3 are shown in Figure 4.2,
nitrided specimens of 1.4197 (a) and 1.4028 (b), while non-nitrided specimens are shown in (c)

1.4197 and (d) 1.4028. Some difference in microstructure is observed between 1.4197 and
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1.4028(Figure 4.2 c/d), i.e., the presence of MnS stringers in 1.4197 (see arrows). The presence of
sulfur and manganese was confirmed with EDS. The MnS stringer are a few microns wide and 30-
50um long; they are elongated parallel to the drawing direction. It is noted that the stringers
protrude into the laser marked surface. Occasionally, MnS is observed in the 1.4028 steel. MnS
should be considered an impurity, because it has a negative effect on the corrosion performance of
stainless steel. The heat affected zone (HAZ) associated with laser marking is 4-6 um deep for the
non-nitrided samples, while it is 12-14 um, twice as deep, for the laser-marked nitrided samples.
For both 1.4197 and 1.4028 the amount of retained austenite has increased significantly after
nitriding. This is attributed to the austenite-stabilizing effect of interstitially dissolved N, which
causes a reduction in Ms. During laser processing, the material is heated to form austenite and
then rapidly cooled to form fresh martensite. Nitriding the sample before laser marking increases

the amount of retained austenite at the laser marked surface.
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(c) ()

Figure 4.2: Etched cross sections of nitrided and laser marked 1.4197 (a), 1.4028 (b) and non-nitrided and laser marked

1.4197 (c) and 1.4028 (d).

4.3.2. Scanning electron microscopy and energy dispersive spectroscopy
SEM investigation of the nitrided surface (Figure 4.3) revealed that particles have formed on the
surface of the samples. Two morphologies of particles are identified: triangular particles of 1-3um
protruding from the surface and shallower, less geometric particles. The triangular particles contain
sulfur and manganese. These particles are likely the protruding MnS stringers developing facets
during the prolonged high temperature treatment, while also extending further from the surface.
The smaller particles are suggested to be surface (chromium) nitrides (see arrows on Figure 4.3).

This could not be confirmed with EDS because the volume of such nitrides is much smaller than
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the relatively large interaction volume from which characteristic N K, radiation originates.
Additionally, Figure 4.3 shows slip lines in the surface grains, resulting from the thermochemical
treatment. During nitriding at 1080°C, all material would have been austenite. Undergoing
guenching and cooling to room temperature, the bulk of the material will have transformed to
martensite, while the surface remains largely austenitic due to the high concentration of FCC
stabilizing nitrogen. This introduces a tensile stress state parallel to the surface from the difference
in thermal expansion of austenite and martensite, and the volume expansion from the martensite

transformation.

EN 1.4197 EN 1.4028

10pum j 10um
] E 1 |

10pm
|

Mn
Figure 4.3: EDS maps of the unmarked surface of nitrided 1.4197 and 1.4028, showing the presence of sulfur- and

manganese-containing particles on the surface.
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4.3.3. X-ray Diffraction analysis
Examples of XRD phase analysis are provided in Figure 4.4 Comparison of the as-received and
nitrided specimen, shows a significant increase in diffracted intensity of FCC austenite (y-phase)
as compared to martensite (a’-phase), consistent with austenite stabilization by interstitial nitrogen
after high temperature solution nitriding. Only one peak can be related to MnS for the nitrided
sample; mostly MnS remains undetected with grazing incidence XRD, probably because of the
orientation of the MnS stringers and associated crystallographic texture, or that the phase fraction
of MnS in the surface is simply low. After laser marking thermal degradation of MnS in the surface

region hinders its detection.

The 200-martensite peak at =106°20 exhibits little change after laser marking a non-nitrided
specimen. Nitriding of EN 1.4197 and quenching leads to a split of this peak into 200 and 002
because of tetragonality originating from the higher N content in the transforming austenite. Oxide
peaks have a higher intensity for the laser-marked nitrided specimen than for the laser-marked
non-nitrided specimen, consistent with the darker color of the nitrided specimens. The darker color
and the higher oxide intensity are interpreted as a thicker oxide layer, meaning the nitriding of the
martensitic stainless steel changes the subsequent (laser) oxidation. The slightly lower thermal
conductivity of austenite could play a role, slowing the cooling and prolonging the oxidation. The
presence of nitrogen could have an influence on oxidation kinetics or the laser absorption can have

changed after nitriding.
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Figure 4.4: GIXRD of EN 1.4197 From the bottom, untreated surface, unmarked and nitrided, laser marked nitrided

surface, and laser marked non-nitrided. Laser marked specimens were marked with parameter set #3.

4.3.4. Corrosion Analysis
Corrosion potentials determined by Tafel extrapolation of the polarization curves are shown in
Figure 4.5 with dependence of laser heat input. Only values for the laser-marked specimens in
nitrided and non-nitrided condition are given. Unmarked specimens are not included, because the
surface roughness changes on laser marking, so unmarked specimens are not a valid reference.
For the same reason the corrosion current density is not included, because the large unknown
differences in corroding area can cause large variations in the calculated current densities, since
there will be unknown differences between real and apparent surface area in exposure to

electrolyte.

Evidently, 1.4197 has a consistently lower corrosion potential than sulfur free 1.4028, in agreement
with deterioration of the corrosion resistance by the presence of MnS. The mechanisms suggested
as responsible for poorer corrosion performance are local Cr-depletion around MnS inclusions

during the manufacturing of the steel [14], or a sulfur crust from the corroding MnS [15]. The results

in Figure 4.5 show that the negative effect of MnS cannot be mitigated by pre-nitriding the steel.
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Rather, for lower laser heat inputs a trend is observed that the corrosion resistance is poorer. The
data suggests some improvement at higher heat inputs, when Cr-depletion is severe, and the
presence of nitrogen could compensate for this, because it has a large effect on the PREN
number. For EN 1.4028 nitriding does not appear to affect the corrosion performance; the
corrosion potential is not changing for the investigated range of heat input. It is anticipated that for

higher heat input, the corrosion resistance must deteriorate due to more pronounced Cr-depletion

in the subsurface.

Even if EN 1.4197 contains slightly more chromium as well as additional molybdenum, the
presence of MnS renders the steel unsuitable for laser marking. This cannot be mitigated by
increasing the amount of nitrogen to increase the corrosion potential. A sulfur free steel is strongly

recommended if laser marking is essential, and the product should be used multiple times.
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Figure 4.5: Corrosion potential extracted by Tafel extrapolation of polarization curves in dependence of the laser heat

input for (a) sulfur containing EN 1.4197 and (b) sulfur free EN 1.4028.

4.4.Conclusions

Based on the results and discussion of this manuscript, the following conclusions can be reached:

- Laser marking reduces corrosion resistance. When operating in the oxidative regime, it can

be concluded that as the laser heat input (J/area) increases it compromises the corrosion
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[1]

[2]

(3]

[4]

[5]

resistance. There are indications that this deterioration is less pronounced in high nitrogen
steels.

- High temperature solution nitriding does not inherently improve corrosion resistance. A
higher content of nitrogen is expected to improve the corrosion resistance (higher PREN
value), but other mechanisms as a potentially higher Cr-depletion as a consequence of
different substrate-laser interaction of nitrided specimens, results in no improvement of
corrosion resistance.

- The presence of MnS affects the corrosion resistance of the laser marked steels negatively,
and the choice of a high-quality steel with low sulfur content has a higher effect on

corrosion resistance than high temperature solution nitriding.
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5. Supplementary Work: Effect of Citric Acid Passivation on Laser-

Marked Stainless Steel

Chemical passivation has long been embraced as a standard method for enhancing the corrosion
resistance of metallic medical devices for many years. Traditionally, nitric acid was utilized, but the
industry has now embraced the safer and greener alternative of citric acid for passivation. The
effect of chemical passivation on laser marked stainless steel has not been investigated in the
scientific literature. It is unknown if the steel requires re-passivation or can be re-passivated at all
with citric acid after the thermal process of oxidative laser marking. The effect of citric acid

passivation on laser-marked stainless steel is investigated in this chapter.
5.1.Materials and Methods

5.1.1. Material
The samples in the form of discs were cut from a drawn rod of AlSI 304L austenitic stainless steel
with a diameter of 10 mm. The nominal composition is reported in Table 5.1. The discs were cut
via lathe turning to 3 mm thickness without removal of the turned surface, thereby imitating the
actual condition of manufactured components. Consequently, the surface area during

electrochemical analyses and the degree of deformation are not precisely known.

Table 5.1: The nominal chemical composition of AlSI 304L stainless steel.

Element | C Si Mn P S N Cr Ni Fe
17.5- 8-

wt.% <0.03 | <100 | <2.00 | <0.045| <0.03 | <0.10 Bal.
195 10.5
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5.1.2. Methods

5.1.2.1. Laser marking

Laser marking was performed with the Foba Y.0200 YAG pulsed nanosecond fiber laser with
parameters chosen for oxidative laser marking. One parameter set with a high heat input at 2-10°
J/m? and a power density of 1.8-10* W/m? was chosen as a slight exaggeration from currently

applied industrial parameters.

5.1.2.2. Chemical Passivation
Citric acid passivation was performed at different stages of the manufacturing process in
accordance with the ASTM A 967 standard for chemical passivation treatments for stainless steel
parts. A citric acid content of 10 wt % was used at a temperature of 35 + 2 °C for 20 min to conform
with the subcategory of ‘Citric 3’ passivation, as it is a widely requested passivation process by
Elos Medtech customers. Chemical passivation is applied on both the lathe-turned and laser-
marked surface, to determine whether laser marking can benefit from chemical passivation.
Specimen without laser marking and/or passivation were also included to act as reference

specimen and determine the effect of passivation on the turned surface.

5.1.2.3. Corrosion Analysis
Samples were analyzed by electrochemical potentiodynamic polarization in the Gamry PTCL1 cell,
using a saturated calomel reference electrode. The specimens were first subjected to open current
potential (OCP) measurements for 10 minutes, followed immediately by potentiodynamic
polarization. The chamfering of the specimens was left exposed, as it is often the site of corrosion
initiation on specimens which are not laser marked. Polarization was performed in a range of -100
to +500 mV offset to the measured OCP with a scan speed of 20 mV/min. Measured voltages have
been recalculated and are reported with respect to the standard hydrogen electrode (SHE). The
electrolyte was a 1 wt % sodium chloride solution, similar to the isotonic saltwater solution

commonly used in dental practices for disinfection.
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5.2.Results and Discussion
Figure 5.1 contains images of the samples before and after laser marking. Figure 5.1a shows the
unmarked specimen, where the tracks from lathe turning are clearly visible. This is the state of the
surface that would be laser marked and of products which are not laser marked. Figure 5.1b shows
the sample after laser marking, where a dark layer has formed and the tracks from the lathe turning
are only hardly visible. Laser marking with the utilized parameter set yields a satisfactory result, as

enough contrast is generated to produce a readable marking.

Figure 5.1: Images of the specimen (a) before laser marking with a turned surface and (b) after laser marking and the

formation of dark oxide.

Electrochemical corrosion testing on the unmarked specimen resulted in preferential corrosion in
the chamfering of the sample, as observed in Figure 5.2a. It is well-known that corrosion will be
more likely to happen in areas with higher surface roughness and at edges, rendering the
chamfering an obvious site for corrosion. On an unmarked specimen, corrosion will happen in
areas with lower corrosion resistance as a result of the machining, which in the case of the
investigated specimen, will be the chamfering and not the turning tracks. Some smaller pits are

also visible in the center of the sample, but significant corrosion occurred only in the chamfering.
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Chemical passivation resulted in significantly fewer pits forming, both in the large flat surface and
in the chamfering. Some signs of corrosion could be observed, they were however less severe
than for the non-passivated part. A positive effect from chemical passivation can be documented,
as it appears to function as intended; by enhancing the already inherent corrosion resistance of
stainless steel, removing pit initiation sites, and enabling the formation of a coherent passive film

across the specimen.

Figure 5.2: Images of material loss due to corrosion in (a) unmarked specimen with turned surface and (b) unmarked

specimen which has been chemically passivated.

Laser marking the specimen leads to more visible corrosion, as can be observed in Figure 5.3a.,
where the oxide layer has delaminated at many locations. The delamination is concentrated in the
middle of the sample and in the edges of the laser-marked area. If chromium depletion has
occurred in the laser marked sub-surface and the electrolyte has access to it, galvanic coupling
between the higher chromium base material and the lower chromium laser-marked sub-surface,
can have been the cause for the preferential corrosion in the edges. It should be mentioned that
after corrosion testing, the oxide layer could be rinsed or wiped off, as it had been reduced to
flakes and particles. This indicates that the oxide itself is not corroding during testing, but rather the
steel. As there has evidently been far greater corrosion in the laser marked sample, compared to
the unmarked sample in Figure 5.2a, it appears that laser marking substantially increases the risk

of corrosion and can be detrimental for the performance of the laser markings. Other repetitions of
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the same treatment showed similar delamination; however, the corrosion was not as limited to the

middle and edge of the laser marking.

Figure 5.3b shows the specimen that was chemically passivated after laser marking. As compared
to the non-passivated specimen in Figure 5.3a, it is obvious that chemical passivation after laser
marking has a positive effect in that substantially less delamination has occurred. Instead,
delamination appears to be limited to two areas of the specimen, where pitting occurred was
present. One of the pits is indicated on Figure 5.3b. Corrosion has most likely developed
underneath the oxide layer, spreading concentrically from the initiation sites. From the magnified
area in Figure 5.3b, it is clear that a few larger pits are present, surrounded by shallow corrosion
and delamination. Notably, a large pit is present at the edge of the laser marking and the
chamfering. The repetitions of the laser-marked and passivated specimen showed corrosion to a
similar (or lesser) degree as the specimen shown in Figure 5.3b. In previous research it was shown
that laser marking can result in substantial crack formation and or pit formation by thermal
degradation of MnS inclusions. Chemical passivation enables effective re-passivation of potential
pit initiation sites, or sites for crevice/pitting corrosion, and thereby significantly increases the

resistance to corrosion underneath the marking and prevents delamination.
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Figure 5.3: images of the laser marked specimen after corrosion testing (a) laser marked sample, (b) Laser marked

followed by chemical passivation.

Potentiodynamic polarization curves for the unmarked specimen with and without chemical
passivation are reported in Figure 5.4. The reference specimen with the lathe-turned surface,
exhibits a corrosion potential at around 250 mV, followed by a passive regime from 260 to 450 mV
where the pitting potential is reached. Substantial metastable pitting (reflected as spikes in the
passive region) happens before the pitting potential is reached and the pits are unable to re-
passivate. The turned specimen has a relatively rough surface and iron particles may be
embedded into the material. Therefore, there may be pit initiation sites present on the surface,
which will re-passivate after initial corrosion. Passivating the material yields a smoother

polarization curve with little metastable pitting, only appearing as the actual pitting potential is
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approached. The passivated part has a similar pitting potential as the reference specimen, and the
corrosion potential appears slightly lower after passivation. There is an overall positive effect of

chemical passivation as was also observed upon visual inspection of the parts in Figure 5.2.
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Figure 5.4: Potentiodynamic polarization curves for the reference specimen (red) and the passivated unmarked

specimen (blue).
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Figure 5.5: Potentiodynamic polarization curves of the reference specimen (red), laser marked specimen (black) and

laser marked followed by chemical passivation (blue).

The effect on the potentiodynamic polarization of laser marking and passivation of laser markings
can be seen on Figure 5.5. It is observed that laser marking lowers both the corrosion- and pitting
potential by almost 100 mV. The laser marking is more susceptible to pitting than the chamfering
and base material and this could be achieved by either chromium depletion or formation of
crevices/pits on the surface. The subsurface is not likely to be protected by a passive film, so
corrosion occurs underneath the oxide layer. It is noted that the investigated steel has a relatively
high chromium content, so some passivity is retained. It is anticipated that a steel with lower initial
chromium content is more severely attacked by corrosion after laser marking with the same laser
parameters, because Cr-depletion by oxide formation will bring the steel locally in the active region.
The polarization curve reflects the visual inspection in Figure 5.3 as it is obvious that substantial
metastable pitting takes place, and more corrosion should have occurred during the experiment.
Passivation of the laser-marked specimen yields a significantly different potentiodynamic
polarization of the specimen. Several positive effects can be observed: The occurrence of

metastable pitting is substantially reduced, the corrosion- and pitting potentials are equal to those
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of the unmarked specimen. It should be noted that interpreting the differences in current density
should be performed with care, because the corroding area is unknown after laser marking. As
corrosion takes place initially in pit initiation sites and/or cracks, and then continues below the
oxide, the corroding area depends strongly on how much of the sub-surface has access to
electrolyte. A comparison could be done between the unmarked specimen, even if there is an

uncertainty to be found in the high surface roughness of the lathe-turned surface.

For application within the biomedical field, chemical passivation is strongly recommended,
especially after a procedure such as laser marking, where corrosion resistance is compromised.
Utilizing this process can potentially increase the corrosion resistance of the laser marked area to
match that of the unmarked part. Laser marking without chemical passivation can cause full
delamination of the marking, rendering the product unfit for application. As medical devices are
subjected to harsh corrosive environments during sterilization/disinfection, such as autoclavation at
>130 °C and isotonic saltwater, retaining corrosion resistance is of utmost importance. Care should
be taken passivating steels with relatively low chromium content because citric acid solution could

initiate corrosion in the base material and not only dissolve material at pit initiation sites.

5.3.Conclusions

The following conclusions can be drawn:

- There is a positive effect from chemical passivation of unmarked AISI 316L, because a
significant reduction in metastable pitting, pit size and number of pits, can be achieved.

- Laser marking of AISI 316L promotes corrosion, causing delamination of the oxide layer.
Pitting occurs at a lower applied potential than for material without laser marking.

- Chemical passivation of laser marked surfaces can improve the corrosion resistance to the
level of the unmarked material.

- Obviously, chemical passivation of laser markings is recommended.
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The effect of oxidative laser marking was investigated on martensitic stainless steel to determine
the effect on the chemical composition and state of residual stress. Different hatch spacings
resulting in laser markings with laser track overlaps of 83 %, 50 % and tracks with no overlap were
investigated. An oxide layer was observed with scanning electron microscopy on the specimen
with high track overlap and identified as either FezO4 or FeCr.04 with X-ray diffraction (XRD). The
oxide layer was confirmed to contain chromium iron and oxygen with Glow Discharge-Optical
Emission Spectroscopy. Additionally, laser marking altered the chemical composition significantly,
most notably causing chromium depletion underneath the oxide layer. Evidence of melting was
observed several um below the oxide layer. No detectable oxide layer was produced for larger
hatch spacing. Adjusting the scan speed of the laser to increase the heat input, an oxide layer was
formed in the central part of the laser tracks, while melting occurred in between the tracks without
forming an oxide layer. This resulted in an oxide layer with a large variation in thickness. Residual

stresses were investigated with XRD for a series of constant information depths forming a
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cumulative residual stress profile from 0.75 to 2 um in the steel. It was found that laser marking
with low hatch spacing resulted in high tensile stresses parallel to the surface in the very surface.
The strain-free lattice parameter was lower close to the surface, which was attributed to the altered
chemical composition, most notably the depletion of chromium. Specimens with no oxide layer also
had a tensile stress state, albeit significantly lower. The specimen laser marked with large hatch
spacing and low scan speed had a surface of highly heterogeneous stress states, reflected a high
uncertainty in the measured stress values. The cumulative stress state was compressive at the

very surface and changed to tensile with depth.

6.1.Introduction

6.1.1. Background and Motivation
In 2013 the European Union proposed a common framework for unique device identification (UDI)
that has affected all products in medical applications [1]. The purpose of UDI is to warrant
traceability and thereby reduce the risk of failures, which potentially could harm patients or cause a
more critical course of illness. Many man hours are spent identifying the cause of failures in, for
example, implants. Lack of traceability seriously prolongs such root cause analysis and inhibits
proper action [2]. Presently, all medical device products for multiple uses are required to have UDI
applied directly on the product, provided that the surface of the product can accommodate such a

marking and the marking itself does not endanger the patient [3].

Laser marking has been embraced as the standard for medical device industry metallic products
for multiple use [4], [5], because it offers a high degree of flexibility and customizability. Moreover,
the common perception is that laser markings are permanent and thus warrant traceability [6].
Laser marking is subdivided in two distinct categories: ablative and oxidative. Ablative laser
marking, also called laser engraving, generates contrast by material removal while scanning a
laser with high power density (W/area). The laser is typically run at lower pulse frequency, to

locally ablate and/or melt material [4]. The difference in surface roughness and height usually
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appears as white contrast on a metallic substrate. Oxidative laser marking generates contrast by
locally growing an oxide layer and is the standard for laser marking of medical devices. In this

manuscript, only oxidative laser marking is investigated.

The contrast and readability of UDI produced via oxidative laser marking comes from the growth of
a black oxide layer on top. The power density (W/area) is chosen to reach a temperature that is
high enough to accomplish a local chemical reaction with gaseous species from the atmosphere.
Potentially this results in some degree of melting. The degree of oxidation for a chosen parameter
set depends on the heat input (J/area). A higher heat input at a fixed power density enables the

growth of a thicker oxide layer [4], [7]. In practice, this produces a darker oxide and higher contrast.

Residual stresses are present in most metallic components and products, and result from the
manufacturing history. For steel, residual stresses are usually a consequence of mechanical,
chemical or thermal processing, as deformation, chemical and temperature gradients lead to
inhomogeneous volume changes, causing strains and associated stresses in a material. Lathe
turning will, depending on the tool geometry and thermal effects, lead to compressive residual
stresses in the surface of machined components with a steep gradient towards the interior [8]. The
result of the thermal history on the state of residual stress depends strongly on the possible phase
transformations; this is well-researched, especially in relation to welding [9]. Generally,
compressive residual stresses are preferred in the surface-adjacent region of a component
because it prolongs the fatigue life of a component, by postponing crack initiation and retarding
crack growth. For this reason, specific treatments are routinely applied to introduce compressive
stresses, such as rolling [10], shot peening [11], induction hardening and thermochemical
treatments as carburizing and nitriding [12]. The source of the compressive residual stress in these
treatments is a volume expansion near the surface by local plastic deformation, local phase

transformation and/or local change in chemistry.

For stainless steels the residual stresses introduced by thermal processing (as laser treatment)

depends on the type of steel. For (mono-phase) austenitic and ferritic stainless steels heating of
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the surface will lead to thermal expansion. As the yield stress is much lower at elevated
temperature the thermal strain is accommodated plastically. Consequently, on cooling to room
temperature, thermal shrink leads to tensile residual stresses. For martensitic stainless steels, the
volume expansion associated with austenite-to-martensite transformation occurring under
sufficiently fast cooling, counteracts the thermal stress, and adds a compressive residual stress

component in the near-surface region [13].

Laser surface treatment is applied commercially for improvement of wear resistance of martensite-
forming steels by increasing the hardness and introducing compressive residual stresses [14], [15].
It has been found that if the laser surface treatment is performed with a large degree of overlap of
the laser tracks, the residual stress state can become tensile and reduce the wear resistance and

fatigue life [16], [17].

Laser marking of UDIs is a surface treatment, which alters the microstructure and introduces
residual stresses. Unfortunately, the industry and regulations have moved significantly faster than
research on the effect of laser marking on component performance. The purpose of laser marking
has been the generation of contrast, but several unintentional issues compromising component
performance have been discovered in recent years. An example is the poorer corrosion resistance
of laser-marked steel [18]. Previous work on the subject of laser-marked martensitic stainless steel
has revealed abundant cracks in the oxide layer on laser marked UDI [19]. This was taken as a

sign of residual stress generation in the heat affected zone (HAZ).

The purpose of the present investigation is to investigate the state of residual stress in medical
grade martensitic stainless steel after laser marking and evaluating the potential impact on
component performance. To this end, average lattice strains were determined over a series of
depth ranges with grazing incidence X-ray diffraction. The hatch spacing and energy input of the

laser tracks were varied to arrive at a recommendation for industrial application.
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6.1.2. Determining Residual Stress
X-ray diffraction (XRD) has been performed routinely to determine residual stresses from lattice
strains. The most widely applied method is the sin?y-method [20]. The method entails the
measurement of Bragg-peaks at various polar y-angles, defined as the angle between the normal
of the sample surface and the diffraction vector, i.e., the normal to the diffracting lattice planes. In
practice, this is achieved by varying the inclination angle, x, of the mounted specimen. For a

symmetric diffraction geometry, the angles @ and x are identical.

Varying the inclination angle while keeping the incidence angle unchanged, as for a symmetric
diffraction geometry, will result in a variation of the information depth with the w-angle. The
information depth is defined as the diffracted power weighted depth, and corresponds to the depth
range from which 63% of the diffracted intensity originates. This effect can be alleviated by an
asymmetrical diffraction geometry, as grazing incidence, so the effective information depth is
reduced. If stress (or composition) gradients are insignificant over the information depth, the
symmetrical method is sufficient, but in the presence of steep stress, and particularly steep
concentration gradients, it is insufficient [21]-[25]. Erbacher, et al. [26] further developed existing
methods [27] to measure depth resolved residual stresses for a constant information depth for the

data points in the siny method.

For symmetrical XRD x = y (see above), while the (effective) polar angle for asymmetrical XRD,

such as grazing incidence, is:

Y = acos(cos(y) - cos(f8 — w)) (6.1)

where 20 is the Bragg angle and w is the (grazing) incidence angle. The following equation can be

used to ensure stress measurements at constant information depth:

__ Cos(x)(sin(w) sin(20 -w))
T u(D) (sin(w)+sin(20-w))

(6.2)
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where 71 is the information depth, p is the linear absorption coefficient for wavelength A in the,
presumed homogeneous, matrix, x is the inclination angle. By solving Equation (6.2), it should be
possible to obtain combinations of x and w, for which the information depth is kept constant for a
specific 28 angle. Changing the incidence and tilt angle will also change the azimuth angle, o,
which translates into a change in the direction of the measured strain. The azimuth angle changes

in the following way:

tan(6—w)

tan(Ag) = o

(6.3)

On a laboratory scale, Erbacher’'s method for lattice strain determination within a constant
information depth for a fixed wavelength comes with limitations for applicable effective sin?y values
(cf. Egs. 1 and 2). For example, using a chromium anode, the range of tilt angles from 0-70° for an
information depth of 2 um in steel is not possible, because at high tilt angles (and high 26 angles)
the beam will not be able to reach an information depth of 2 um. Thereby the range of available tilt
angles may be reduced to 0-55°. This is illustrated in Figure 6.1, where the information depth and
its dependence on effective sin?y for different inclination angles has been calculated. Using
synchrotron X-radiation larger information depths can be reached by a variation in wavelength
and/or an energy dispersive method. Additionally, for small (grazing) incidence angles the
accuracy in the determined d-spacing is relatively poor. Consequently, lattice strains determined
for a relatively shallow information depth are associated with limited accuracy. For this reason, the

shallowest information depth included in this investigation is 0.75 pm.
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Figure 6.1: The dependence of information depth on the sin?y for different incidence angles as well as the available
sin?y range in a stainless steel matrix.

6.2.Materials and Methods

6.2.1. Materials
Medical grade martensitic stainless steel EN 1.4028, described in ASTM F899 standard for
surgical stainless steels [28], is utilized for this investigation. The nominal chemical composition is
given in Table 6.1. For analysis of the morphology and appearance of the laser marked areas, as
well as for X-Ray diffraction analysis lathe-turned discs were produced. The discs were produced
to be 12 mm in diameter and 3 mm in thickness. Approximately 0.3 mm of the surface was
removed by standard metallographic methods, with the last grinding step being grit # 4000 SiC

abrasive paper.
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Table 6.1: Nominal chemical composition of 1.4028 stainless steel as per ASTM F899.

Element
C Si Mn P S Cr Ni Fe

w%
1.4028
X30Crl13 | 0.26- Max. Max. Max. Max. 12.00- Max.

Bal.

AISI 0.35 1.00 1.00 0.04 0.03 14.00 1.00
420B

A stress relieved specimen which was further polished with the last step being a 1 um diamond

suspension and subsequently heat treated in a vacuum for 6 hours at 650°C, was also included.

6.2.2. Methods

6.2.2.1. Laser Marking
A nanosecond pulsed yttrium Nd:YAG fiber laser, the FOBA Y.0200, was utilized for laser marking
of all specimens. The equipment was operated at a wavelength of 1064 nm, a pulse length, t,, of

200 ns, a pulse frequency, f, of 200 kHz and a laser spot size of diameter of 30 um, used to

L
I

—was kept constant as the
P

approximate the spot area A. The power density (W/area), P, =

average power, p, of the laser was kept at 5 W. The power density is calculated to be 1.8-10%*

(W/m?). In turn, the scan speed, v, and hatch spacing, ls, were varied to alter the heat input (J/area)

of the laser, which can be calculated as E; = %.
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Table 6.2: A table containing the varied laser parameters investigated.

Hatch spacing Scan speed Heat input
Parameter
Is v Es

set

(um) (mm/s) (J/m?)
#1 5 250 4.0-108
#2 15 250 1.3-108
#3 30 250 6.7-10°
#4 15 83 4.0-108
#5 30 50 3.3:10°

The investigated laser parameters are reported in Table 6.2. A baseline parameter set #1 is
chosen; this set is representative for parameters used in industry. A high degree of overlap of 83%
is results from the small hatch spacing. In parameter set #2 the hatch spacing is 15 um and
overlap is reduced to 50%, while for set #3 overlap is eliminated by increasing the hatch spacing to
the nominal laser spot size. Both parameter sets retain the scan speed, so the heat input
decreases with increasing hatch spacing. In contrast parameter sets #4 and #5 increase the hatch
spacing to 15 and 30 um, but the scan speed is adjusted to retain the heat input of the baseline
sample #1. Sample #5 cannot be adjusted to Es = 4.0-10° J/m?, because the lowest scan speed of

the equipment is 50 mm/s.

6.2.2.2. Microscopy
Surface morphology and cross-sectional analysis were performed with scanning electron
microscopy (SEM). For this purpose, the Zeiss Sigma Field Emission SEM was utilized with a
backscatter electron detector. The equipment was operated at 15 kV for imaging at working

distances of 8-10 mm.
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6.2.2.3. X-ray Diffraction & Residual Stress Measurements
X-ray diffraction and residual stress analysis were performed with the Bruker D8 Discover with a
LynXeye detector. For stress measurements, Chromium was chosen as the anode and a
vanadium filter was applied to suppress Kg; the wavelength of Cr K4 radiation was taken as 2.289
A. For residual stress analysis the BCC 200 reflection of ferrite/martensite was investigated in the
scattering angle range 103 - 115 °26; a step size of 0.1 °2© and a counting time of 2 s were used.
The BCC 200 peak was preferred over the generally recommended BCC 220 peak at higher Bragg
angle, because high 20 values limit the available y angles for the stress analysis (cf. Eq. (1)). In
addition an azimuthal rotation of the specimen around the surface normal is applied to keep the ¢
direction within the plane of the specimen surface constant. This enables probing lattice strains for
a range of information depths in a specific direction along the surface and thereby obtain insight in
the variation of stress (and composition) in depth along and perpendicular to the laser tracks. The
applied angles of incidence, inclination and azimuthal rotation for ¢=0 and the effective g angles
are provided in Table 6.3 for the constant information depths applied in this work, using Cr Kq

radiation for BCC {200} in a 1.4028 stainless steel matrix.
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Table 6.3: Incidence angle w, tilt angle ¥, effective tilt angle y and azimuthal angle ® for (¢=0), as applied to obtain the

given information depths. All numbers are in degrees.

T gm
0.75 1.0 1.25 1.5 2.0

w XY | P w | x|y | Q X Y O w Xy | O w X ¥ | O
50| 0/480| 0| 65| 0[465| 0| 85| 0[445| 0[105| 0[425| 0|152| 0|37.8]|0
52[20(509[17| 6.8|10[47.0| 9| 87|10[452|10[10.9|10|43.1|10|155/[10|38.6|13
54(30[543[25| 7.2|20[49.1[18| 9.2|20|47.3|20|11.5[20|453|21|16.5|20|40.9 |25
6.5]40|582[31| 7.9[30[52.3[26[10.0[30[50.7|28[12.7|30|48.7|31|185/[30|44.5]36
7.8[50(63.1[37| 9.0[40[56.6|34(11.8|40[54.8|36|14.9|40|53.0/39| 22[40|48.9]47
10.7 |60 [ 68.3 |44 [ 11.2 |50 | 61.4 |41 |14.8|50|59.7|44|185[50|58.0|48| 29|50/ 54.0]60
13.0 |65 | 71.1 |47 | 15.2 |60 | 66.8 |48 |20.7|60 | 65.0 |54 |27.3|60|63.2|61|36.5]|55]56.6|70
17.4|70[739|52[26.0|70|723|62|41.0[70|705|77|380[65]659|74] - | - | - | -

For the calculation of residual stresses from the measured strain the X-ray elastic constants for

ferritic BCC {200} lattice planes were taken as $2°° = —1.9:10"°MPa~! and %52200 =77

10~°MPa~1 [29]. All residual stress measurements were performed in the direction parallel (¢=0°)

and perpendicular (¢=90°) to the laser tracks.®

Phase analysis was performed with a Bragg-Brentano beam geometry and a copper anode. The

Cu kq radiation wavelength is taken as 1.5418 A. The specimens were measured in the range of

25-100 °20, with a step size of 0.06 ° and a counting time of 2 s.

° Due to time constraints and the late addition of sample #4, residual stress measurements have not been performed on
#4 and are instead planned as future work.
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6.2.2.4. GD-OES
Glow discharge optical emission spectroscopy (GD-OES) was performed at Horiba France on the
GD profiler 2 and repeated 5 times on the specimen laser marked with parameter #1. This
specimen was chosen for measurement as it is laser marked with parameters closest to those
applied in industry and was produced with the highest heat input. More alteration of the surface
chemical composition to be measured via GDOES can be expected with high heat input. The
parameters for GDOES are provided in Table 6.4. Before the measurements, the equipment was

calibrated on a low alloy SRM 1766 steel.

Table 6.4: Parameter set utilized in GDOES measurements.

Pressure 720 Pa
Power 35W
Module 6V

Phase 5V

Anode size 4 mm
Erosion rate 3.67 pm/min

6.3.Results and Interpretation

6.3.1. Characterization
Figure 6.2 shows backscatter electron micrographs of the investigated specimen, showing clear
laser tracks for the various hatch spacings and morphologies. Figure 6.2a shows the baseline
specimen with a track distance of 5 um. A surface layer has formed, and cracks are abundant, as
well as signs of possible melting. Increasing the hatch spacing to 15 and 30 um (see samples #2
and #3 in Figure 6.2b and c, respectively) yields a relatively crack free surface. Structuring is

visible in the tracks, hinting at austenitization followed by martensitic transformation upon cooling.
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At a hatch spacing of 30 um (sample #3 in Fig. 6.2c), the original surface is observed in-between

the tracks. If a surface oxide is present, it is significantly thinner than for sample #1.

Reducing the scan speed to keep a high Es on changing the hatch spacing, cracks are again
abundant as well as flow patterns that indicate melting (samples #4 and #5 in Figure 6.2e and f,
respectively). The darker elemental contrast of the central parts of the tracks hint at an uptake of
interstitials from the ambient during laser marking. The cracks are most abundant at the central
parts of the individual tracks, where the largest change in temperature is expected. Some cracks

are present in between the tracks but to a much lesser extent.

Diffractograms of specimens #1-5 and the unmarked specimen are presented in Figure 6.3. The
unmarked specimen shows a diffraction pattern characteristic for martensitic stainless steel, with
high intensity a (BCC) peaks and some retained austenite marked as y (FCC). The unidentified
peak at 76 °26, can be explained from the presence of carbides or MnS, but is left unidentified as
more peaks are necessary for a meaningful phase identification. After laser marking, oxide peaks
are observed. The oxides were identified as FeCr.04 or Fe;04 spinel, which overlap significantly.
Upon laser marking a significant increase in intensity of the y-peaks is observed for all laser
marked specimens, indicating an increase in the fraction of retained austenite. Oxide peaks are

only identified for specimens #1, #4 and #5, which are laser marked with high heat input.
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(e) #4 (f) #5

Figure 6.2: Backscatter electron images of the surface morphology of all laser marked samples, showing vertical laser
tracks.
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Figure 6.3: X-ray diffractogram of an unmarked reference sample and laser marked samples #1-5. Results are obtained

using Cu kq radiation and a Bragg-Brentano beam geometry.

Figure 6.4 shows micrographs of the baseline laser-marked specimen #1 and increased hatch
spacing with adjusted heat input, samples #4 and #5. No oxide layer or HAZ could be observed in
the specimen #2 and #3 with larger hatch spacing without adjusting the heat input. The baseline
specimen with the lowest hatch spacing is shown in Figure 6.4a, where a uniform oxide layer has
formed on the surface of the laser marked area. The thickness of the oxide layer is = 0.3 um with
slight variations across the surface. A heat affected zone (HAZ) is identified that extends to a depth
of about 1 um; small dark spots are observed in the HAZ, which indicate oxides that may have
formed in the melt. The cracks observed in Figure 6.2 are limited to the oxide layer and do not

extend into the HAZ.

Changing the hatch spacing to 15 pum (Figure 6.4b) results in a less uniform oxide thickness
ranging in thickness from 0.4 to 0.1 pum. Also, the depth of the HAZ varies slightly along the laser

marked surface. These phenomena become more pronounced when the hatch spacing is further
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increased to 30 um and the scan speed is decreased to the lowest value of 50 mm/s in Figure
6.4c. The oxide layer thickness varies widely and as indicated in Figure 6.2f, it is not present in-
between the laser tracks. A similar behavior is observed in the HAZ: oxide particles in the HAZ are

only observed underneath the oxide layer.

HAZ

2 M

(a) #1

5 um hatch

(b) #4 (c) #5

15 pm hatch 30 um hatch

Figure 6.4: Backscatter electron micrographs of the cross section of samples #1, #4 and #5.
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GDOES of the laser marked baseline sample #1 is shown in Figure 6.5 where at depths of >3 um,
the composition is similar to that of the nominal values. From the very surface to a depth of 0.2 um,
a large increase in oxygen content is measured. This corresponds well to the measured oxide
thickness in Figure 6.4a, as well as the identification as Fez04/FeCr.04 from the identification of a
chromium enrichment and peaks in the iron content. It appears that the innermost oxide is
chromium rich, while it is primarily iron based in the outer oxide. Chromium depletion is observed in
the subsurface region, which is quite severe relative to the bulk level. Also, silicon and manganese
depletion can be observed from 0.3 to 2 um in the material, which gives rise to a higher silicon
content and a slightly higher manganese content in the oxide layer (Figure 6.5a). This corresponds
well with silicon’s high affinity for oxygen. For manganese, it is likely that some evaporation has

occurred during laser marking.

Surprisingly, the uptake of nitrogen appears to be very limited, despite the fact that laser marking
was performed in air (Figure 6.5b). In contrast, there is a substantial contribution of hydrogen (from
moisture), which reaches a high concentration at the surface with a steady decline interrupted by a
peak at 0.4 um. A similar profile can be observed for carbon, which is also increased at the
surface. Nickel maintains the nominal level throughout the steel, while it appears to be lower in the
oxide layer. Oxygen extends deeper than just the oxide layer and may confirm the observation of

tiny oxide inclusions in the part of the surface that was molten during laser marking (cf. Fig. 6.5a)
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Figure 6.5: GD-OES depth distributions of a) substitutional elements and b) light elements.
6.3.2. Residual Stress Analysis
Firstly, d-spacings were evaluated in dependence of sin?y in directions parallel (¢p=0°) and
perpendicular (¢=90°) to the laser tracks. Within experimental accuracy the straight lines through

data for mutually perpendicular directions were equal. Therefore, for further analysis all d-spacings
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were included irrespective of the azimuth. Essentially, this implies that, within the volume probed
with XRD, the stress state in the plane of the surface can be considered rotationally symmetric. No
indications were observed for the presence of shear stress in the analyzed volumes. From the
straight lines through dy vs. sin?y data for a fixed information depth, diffracted intensity weighted
stress values within the surface plane (o) and perpendicular to the surface (033) were obtained, as
well as the strain-free lattice spacing d.=0. The procedure to determine these values is provided in
Appendix A. Data for laser marking parameter sets #1, #2, #3, #5 and for the stress annealed state
are provided in Figure 6.6 and 6.7. It is noted that Figure 6.6 and 6.7 do not reflect the actual
stress distribution in depth, but the presented stress and lattice spacing values represent an
average over the volume, and hence depth range, from which the diffracted radiation originates®.
In principle, the actual stress-depth profile could be obtained from inverse Laplace transformation
of the presented profile in t-space. An attempt to retrieve the actual stress profiles showed that the
limited range of information depths in Figure 6.6 (from t=0.75 to 2.0 um) as compared to the actual
depth range (starting at z=0, i.e. the interface with the oxide layer?) leads to an ill-defined
mathematical evaluation as a consequence of extrapolation over a large depth range. For this

reason, no actual stress-depth profiles are given.

For the stress-relieved specimen, the strain-free lattice spacing is independent of the information
depth, as expected. The values for o33 appear slightly positive, but the absolute values are
maximally about 50 MPa, which could be considered to be about the accuracy of the measurement
technique!l. The resulting stress within the plane of the surface, oy, is about 200 MPa in

compression.

10 Note that the information depth is calculated assuming that iron starts at the surface. In fact, the contribution of iron
starts underneath the oxide layer. Absorption of incoming and diffracted intensity in the oxide layer is neglected in the
calculations of the information depth.

11 For the applied step size, it is calculated that the error in the stress value corresponding to 1/5 of the step size is 69
MPa.
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Figure 6.6: Residual stress (left axis) and strain free lattice parameter (right axis) in dependence of the information depth

for different laser marking conditions and the stress relieved case prior to laser marking. Error bars for the stress values

were obtained from the standard deviation in the slope of the straight line in dy vs. sin?y plots.
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Figure 6.7: Comparison of residual stress (a,b) and strain-free lattice parameter (c) for the different specimens. The

horizontal dashed line in (c) represents the strain-free lattice parameter in the stress relieved specimen. Open marker

geometries in b. and c. are identical to the geometry of the filled markers in a.

Laser marking causes the stress state within the plane of the surface to change to tensile (Figure

6.6 and 6.7). This applies particularly if there is sufficient overlap of the laser tracks so that the

surface is entirely covered with an oxide layer (#1). If no oxide layer is present the tensile stress

values are lower (#2, #3). For laser marking with a large hatch spacing, such that no overlap of

laser tracks occurs and where the oxide layer is not continuous (#5), relatively large errors are

found in the determined stress values. For the laser marking conditions in #5, close to the surface,

compressive stresses arise within the plane of the surface. This is related to the heterogeneity

within the volume probed with X-ray diffraction. The parts of the steel surface in-between the oxide-
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covered tracks parts are not covered with oxide, so the diffracted intensity contribution of these
regions dominates the total diffracted intensity for shallow information depths, i.e. where the
compressive stress is observed. Deeper, tensile stresses are found, albeit lower in magnitude
than for laser marking conditions #1-#3. This reduction in tensile stress is also attributed to the
heterogeneity in the stress distribution: some regions experience compression, others tension. The

residual stresses in #2 and #3 are in-between those for #1 and #5.

Overall, the values obtained for the diffracted intensity weighted stress value in the direction
perpendicular to the surface are slightly compressive and appear most pronounced for laser

marking set #1.

The strain-free lattice spacing for #1 appears to increase with information depth, while it declines
with information depth for #5. For laser marking sets #2 and #3, the strain-free lattice parameter
falls slightly with increasing information depth, but the values are very close to that of the strain-

free direction (Figure 6.7c).

6.4.Discussion
The energy distribution in the laser spot approaches a Gaussian distribution, which causes
relatively large deviations in oxide layer and HAZ thickness with increased hatch spacing, even if
there technically is an overlap with the nominal spot size. It is also reflected in the color of the
specimen. Sample #1 has the darkest color, #2 and #3 with larger hatch spacing, showed a light
gray appearance. Adjusting the heat input by reducing the scan speed, darkened the color to some

degree.

Phase analysis in Figure 6.3 shows a clear effect on the laser marked specimens, as several oxide
peaks appear. The diffraction pattern is consistent with what has been obtained in previous
research on the subject, namely the FeCr.O, oxide [18]. The presence of Cr in the oxide layer is
confirmed by the GD-OES results in Fig. 6.6, and further corroborated by chromium depletion in

the sub-surface region for #1 in Fig. 6.6. Previous research shows a significant reduction in
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corrosion resistance after laser marking, which could be attributed to loss of passivity after
chromium depletion. Alloying elements with a high affinity for oxygen and present in significant
amounts will oxidize first, i.e., chromium (and silicon) [30]-[32]. This is again confirmed with GD-
OES, as chromium oxide forms as the innermost oxide, while it appears to be mainly iron based in
the outer oxide. There is no significant nitrogen enrichment in the surface, despite laser marking in
atmospheric air. There is however an enrichment of both carbon and hydrogen in the surface.
Carbon shows signs of a slight depletion from 1.3 to 3 um which leads to an enrichment in the
surface. There could also be an effect of forward sputtering that augments the carbon content in
the HAZ. Hydrogen appears to have diffused quite deep into the steel. The only obvious source of
hydrogen diffusion is moisture in the air because there was no control over the laser marking
atmosphere, as is generally the case during industrial laser markings. Hydrogen could potentially
be bound as hydroxides in the HAZ. The dispersed particles visible in the insert of Figure 6.4b are
interpreted as (hydr)oxides and suggest that the material has been molten down to a depth of

about 2 um.

It is clear from Figure 6.2 that the hatch-spacing and scan speed have a large influence on the
different morphologies in the laser marked surface. This is the result of a difference in dissolution
of species from the atmosphere, different degrees of melting and remaining features from the
grinding process. Sample #1 with the baseline heat input and hatch spacing, shows some sign of
melting in the form of flow patterns, but also that a uniform oxide layer has formed on top. This is
the consequence of a substantial overlap between individual tracks and many passes, gradually
building the oxide layer. Also, the formation of oxides at the surface can decrease the amount of
reflected energy [33], causing a relatively high laser energy absorption. Clearly, the repeated
melting/solidification and heat treatment has led to chromium depletion below the oxide layer
(Figure 6.5a). Considering this chromium depletion underneath the oxide layer for #1, and realizing
that chromium atoms expand the bcc lattice, a decrease in strain-free lattice parameter towards the

surface can be explained (Figure 6.6a and 6.7c). The decrease in strain-free lattice parameter
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should be accompanied by an increasing tensile stress parallel to the surface, as observed indeed.
The occurrence of a tensile stress for an information depth of 2.0 um, where the chromium content
and associated strain-free lattice spacing have reached the bulk value (see Figure 6.5a and 6.6b),
are mainly the result of thermal shrink. On surface-adjacent heating resulting in local melting,
plastic accommodation of volume changes can occur to a relatively low temperature (after
solidification). This plastic accommodation of volume changes will eventually lead to tensile strains
and stresses within the plane of the surface after cooling of the surface adjacent part to room
temperature. Fresh martensite formation from austenite introduces additional transformation
stresses. Since martensite formation is associated with a volume expansion, it will counteract the

tensile thermal stresses.

Increasing the hatch spacing as seen in Figure 6.2b/c has resulted in significantly less or no oxide
formation. Apparently, the heat input was insufficient for substantial oxygen uptake. For #2 the
laser tracks still overlap; for #3 the laser tracks are separated by surface regions where grinding
marks are still visible. Therefore, it is concluded that surface melting has occurred within the laser
tracks. Instead of oxide formation, the microstructural features reveal the formation of fresh
martensite in the molten and solidified surface area for #2 and #3. The strain-free lattice parameter
for #2 and #3 falls slightly with increasing information depth. Obviously, since no chromium-
containing oxide layer has formed (Figure 6.3), no clear change in the sub-surface composition by
chromium depletion can be expected. Possibly, the slight decrease is a result of the ingress of
species from the atmosphere during laser treatment or a gradient in dissolved carbon associated
with dissolution of carbides. For increasing information depth, both #2 and #3 show a trend of
increasing tensile stress in the plane of the surface, while the stress in the direction perpendicular
to the surface is slightly compressive and shows a trend to more negative stress values with
increasing information depth. The tensile stresses parallel to the surface are interpreted as the
result of thermal stresses during cooling and transformation during martensite formation upon laser

marking. The total shrink and associated contraction depend on the maximum temperature
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reached by heat input from the laser. Analogously, the amount of fresh martensite formed depends

on the amount of austenite that formed during heating and the amount of austenite that is retained.

Slowing down the scan speed to compensate for the loss of heat input, has resulted in a large
degree of melting at the surface as is evident for samples #4 and #5 (Figure 6.2d/e) where flow
patterns from the liquid are clearly distinguished at the surface. The elemental contrast is also very
high in the laser tracks as compared to sample #2 and #3, indicating a higher content of light
elements, consistent with the formation of an oxide layer (Figure 6.3) due to the higher heat input
than for #2 and #3. For sample #5 with the largest hatch spacing and no overlap, evidence of
melting is visible along the tracks, with martensite formation in between the oxide-covered tracks.
The very heterogeneous microstructure in sample #5 has caused relatively large uncertainty in the
determined stress values. In particular the error bars for o are very large for information depths
beyond 1 um; these error bars are larger than the systematic error in the current stress
determination (approx. 70 MPa; see footnote 11). For a relatively shallow information depth, the
total diffracted intensity for martensite comes mainly from martensite in-between the oxide-covered
laser tracks (cf. Figure 6.2f). Apparently, this surface adjacent martensite experiences compression
within the plane of the sample surface. This compression can be understood as follows. On laser
marking, this part of the surface in-between the laser tracks are not experiencing the same heat
input as the part that interacts directly with the laser beam, i.e. the heavily oxidized part. This leads
to limited (or no) oxidation and the appearance of martensite directly at the surface. Most likely this
part has been molten, but earlier solidification and faster cooling can occur than for the oxide-
covered melt in the laser tracks. Consequently, martensite forms earlier in-between the laser tracks
than under the oxide layer. The volume expansion during martensite formation underneath the
oxide layer imposes compression onto the martensite that was formed earlier in-between the laser
tracks. For deeper information depths, the diffracted intensity originates from a larger
heterogeneous volume. Evidently, this leads to an, on average, slightly tensile stress within the

plane of the surface.
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The reduction in de=o with information depth for #5 is interpreted as follows. Underneath the oxide-
covered laser tracks, chromium depletion is expected, as for #1. Nevertheless, for the shallowest
information depth diffracted intensity from the steel in-between the laser tracks dominate. In this
HAZ region carbides may have dissolved, leading to a higher content of carbon and chromium in
austenite, and thus the resulting martensite (after cooling). Both chromium and carbon lead to an

expansion of the bcc lattice.

6.5.Conclusions

The following conclusions can be reached based on the results of this investigation:

- Oxidative laser marking of stainless steel can significantly alter the residual stress state and
chemical composition in the surface of martensitic stainless steel.

- The residual stress state is dependent on the laser parameters, most importantly on the
heat input and the hatch spacing.

- Laser marking can lead to a state of high tensile stress in martensitic steel, due to the
altering of the chemical composition in combination with thermal effects.

- Large stress gradients can be measured in the laser marked surface over shallow depths.
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6.7. Appendix
This appendix details how residual stresses and lattice parameters have been calculated following
the sin?y-method. The utilized equations are based on the solutions provided by Hauk [34]. For a
rotationally symmetric triaxial stress state it follows that 0; = g, = 0,, and that g33 # 0. The strain

can then be expressed as:

dz,bd—odo = %52 [(O’// - 0'33) Sin2 l/) + 0'33] + 51(20'// - 0'33) (64)

25,

The o independent direction can be calculated as sin? Yo, =0 = Vs,
202

[34], and equation (6.4) can

be rewritten as:

dwcr//=0 = d0(3510'33 + 1) (65)

Solving equation (6.4) instead for the os-independent direction, which can be found as

) _ 14S,+S. . . . .
sin® i, - = =2 yields the following equation:

Ay, = do (0, (251 +352) +1) (6.6)

It is known that the linear dependence of the lattice parameter on the sin?y has a slope of
%Szdo(a// - 033). Taking the slope from the linear fits on d vs sin?y plots as M, a third equation is

obtained:
M = %Szdo(o-// - 0-33) (67)

Values for d,, can be obtained by extrapolation or interpolation of the linear dependence of d on

sin?y and the directions for which the equations are derived; these directions depend only on the

X-ray elastic constants (see above). Hence, three unknown variables are left: o/, 055 and d,.

These are then calculated by solving the system of linear equations (6.5-6.7).
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Medical devices are required to feature a unique device identification marking to enable
traceability. These identification tags are extensively applied directly onto metallic devices.
Universally, the technology utilized to apply such markings is laser marking, where the device is
heated locally in atmospheric air to form a dark oxide layer and generate contrast. Despite the wide
application, the consequences of laser marking on materials performance are largely unknown. In
this study, the effect of laser marking on the most common titanium alloys in the medical industry,
i.e., commercially pure titanium and Ti6Al4V, is investigated. The morphology and composition of
the generated oxide layer were investigated, along with a characterization of the heat affected
zone. Additionally, the effect on fatigue strength is investigated in relation to the application of
laser-marked titanium in a dental implant. Morphologically the laser-marked titanium surfaces

exhibited signs of melting on the very surface and the generation of an abundance of cracks which

12 Published work: Henriksen, N. G., Poulios, K., Somers, M. A. J., & Christiansen, T. L. (2023). Impact of
laser marking on microstructure and fatigue life of medical grade titanium. Materials Science and
Engineering a, 873, 145020. https://doi.org/10.1016/j.msea.2023.145020. The format has been adapted to
the format of this Ph.D. thesis.
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formed upon cooling. Scanning electron microscopy shows that these cracks are perpendicular to
the surface and reach deep into the HAZ. Evidence of substantial oxygen ingress was
demonstrated: various titanium-based oxides were identified via X-ray diffraction, as well as
oxygen stabilized a-phase. The fatigue analysis showed a severe reduction in endurance limit for
all investigated parameters and materials of up to 80%. This was attributed the notch effect
resulting from crack formation during laser marking. The fractured surfaces were investigated and

showed a clear crack propagation from the entire laser-marked surface.

Keywords: Characterization, Fatigue, Titanium alloys, Laser methods, Biomaterials, Electron

Microscopy

7.1.Introduction
Titanium alloys are used extensively for dental and orthopedic implants, due to their inherently
good corrosion resistance and osseointegration. Mainly two classes of titanium alloys are used for
the purpose: commercially pure (CP) titanium and Ti6Al4V [1]. CP titanium has for decades been
the material of choice for dental implants [2], while Ti6Al4V is more common in orthopedic
implants. In orthopedics, also more specialized titanium alloys are applied, mainly B-alloys due to
an attainable elastic modulus very close to that of bone. Implants manufactured from titanium are
generally considered safe, but implant failures are reported. The most common failures are of
biological or mechanical origin [3]. A biological failure would be a lack of osseointegration when the
bone does not grow around the implant. Mechanical failure is related to the implant itself. The most
common cause of mechanical failures of dental implants are fractures initiated at screw threads [3].
Cyclic loading of dental implants during chewing or of orthopedic implants during walking implies
that fatigue performance is important. Hence, the fatigue performance - and thus the applied
alternating load - determines if the implant may eventually suffer from fatigue failure. Fatigue crack
initiation usually occurs at the surface of components, so the surface quality of titanium is of

paramount importance. Stress concentrations as porosity or sharp edges should therefore be
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avoided. Also, surface treatments, for example to improve osseointegration can affect the fatigue

crack initiation susceptibility adversely [4].

Traceability is of key importance in the medical device as it can save money, time, and lives. It is
anticipated that surgeons waste valuable time on identifying failed surgical equipment, because no
proper traceability system is in place [5]. In 2013, a common framework for traceability was
proposed in the European Union in the form of unique device identification markings (UDI) [6].
Such markings are required to be applied directly onto the device, or, if direct product marking is
not feasible, on the lowest level of packaging [7]. According to the mentioned regulations, implants
can have markings on the product, which should be readable in-vivo after implantation without
surgery. Clearly, UDI and traceability have important advantages in the medical world, but
regulations have moved faster than research on the subject and the impact of UDI on device

performance remains largely unexplored.

Traceability is required for medical implants in the EU and USA. Although direct product marking is
not required for implantable devices, it is not forbidden either and has been applied extensively.
Traceability marks should be permanent and easily readable, which has resulted in laser marking
as the industry standard and the only real option for tagging UDIs onto medical device and
implants. Laser marking technology distinguishes between two main modes of operation: ablative
and oxidative mode. Ablative mode utilizes high power density to locally evaporate material (laser
engraving). Oxidative mode is associated with lower current density and locally increases the
temperature resulting in a reaction between the device and gaseous species in the atmosphere,
yielding a dark surface layer [8,9]. The primary purpose of laser marking directly on an implant, is
to enable identification of the implant after it is removed from its packaging [7] and enable
identification in case of failure. Furthermore, companies are required to rapidly detect any medical
device malfunction by adhering to the concept of materials vigilance. This basically entails speedy
detection of materials failure. The traceability that laser-marked UDI provides is pivotal for

materials vigilance [10].
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Laser marking of medical implants introduces surface defects/alterations that potentially act as
local stress raisers that may impair fatigue life. Ablative laser marking (laser engraving) has been
used to provide traceability to hip-implants by the engraving of a serial number. This has been
shown to be a preferred crack initiation site in titanium, presumably due to the stress concentration
of what is effectively a notch [11, 12]. In addition, dissolution of appreciable amounts of oxygen has
been identified in the surface-near region after engraving, which potentially contributes to
embrittlement. Laser engraving and the generation of a heat affected zone (HAZ) has
experimentally been shown to result in significant build-up of tensile residual stresses and to
jeopardize the fatigue strength as compared to unmarked specimens. The dangers of ablative
laser marking are obvious: it will introduce surface defects/alterations such as local changes in
microstructure and thus effectively reduce the fatigue life by (inadvertently) introducing a “notch
effect”. This effect is of particular importance for titanium alloys [13]. In order to avoid ablative laser
marking and associated stress concentrations, oxidative laser marking would be preferred.
Moreover, oxidative laser marking leads to black marking on the metallic substrate; a preferred
feature. If performed properly, no material is removed, but only diffusion of species from the
atmosphere into the alloy and the formation of a black oxide layer. In a short study, it was found
that oxidative laser marking of CP titanium introduces residual stresses [14]. Depending on the
applied laser parameters, the stress state can range from tensile to compressive. Although
compressive residual stresses are generally anticipated to contribute to improved fatigue
performance, laser marking negatively impacts the fatigue strength, regardless of residual stress

state [14].

In the present study, an in-depth investigation of the impact of oxidative laser marking on the
fatigue strength of CP titanium and titanium grade 5 (Ti6Al4V) is presented. The purpose of the
investigation is to evaluate the impact of laser marking on fatigue strength and understand the
mechanisms for crack initiation and propagation in relation to implant applications. The

ramifications of applying laser marking on medical titanium products are discussed.
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7.2.Materials and Methods

7.2.1. Materials

Two medical grade titanium alloys were included in this study: grade 5 (Ti6Al4V) and CP Ti grade
4. The key difference is the significantly higher strength of Ti6Al4V obtained from the alloying
elements and the microstructure consisting of both the hexagonal close packed (HCP) a-phase
and body centered cubic (BCC) p-phase. CP titanium consists essentially of a-phase titanium but
depending on the impurity (particularly Fe) content B-phase can be present, too; the grade

classification refers to the amount of oxygen and impurities (mainly Fe). Both materials were

applied in annealed and stress relieved condition.

Table 7.1: Chemical composition as reported by the supplier given in wt%.

Alloy C N O Fe Al \% Ti
Ti6AI4V 0.01 0.01 0.10 0.14 6.01 3.84 Bal.
CP4-Ti 0.01 0.01 0.34 0.07 - - Bal.

Table 7.2: Relevant mechanical properties as measured and reported by the supplier.

Tensile Elongation
Yield strength
Alloy strength
(MPa)
(MPa) %
Ti6AI4V 1135-1179 887-907 14.9-15.6
CPA4-Ti 769-805 627-669 19.8-24.8

Both materials were supplied by Zapp in the form of drawn rods; the chemical compositions of the

provided materials’ certificates are listed in Table 7.1, while relevant mechanical properties are

listed in Table 7.2 as reported by the supplier. Two sample geometries were manufactured by lathe

turning. Fatigue specimens were manufactured in a “chess pawnlike” geometry, as illustrated in
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Figure 7.1. Discs were cut from the rods by lathe turning for analysis of the laser marks. Laser
marks were applied after grinding of the surface to remove features from the lathe turning. Grinding
was performed by standard metallographic methods using successively finer SiC abrasive grinding
paper with grit # 4000 in the final grinding step. Laser marking was performed covering almost the

entire area of the ground surface.
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Figure 7.1. Technical drawings of (a) specimens manufactured for fatigue testing and (b) discs cut for metallographic

characterization. All dimensions are in mm.

7.2.2. Methods

7.2.2.1. Laser Marking
Laser markings were applied using the FOBA Y.0200 pulsed nanosecond YAG fiber laser.
Constant and relevant laser parameters are listed in Table 7.3. The average power, scan speed,
and pulse length were varied. From these laser settings the heat input (J/area) and power density

(W/area) could be calculated [15]. The heat input is calculated as:

E, =— (7.1)
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where P is the average power, v is the scan speed and Is is the hatch spacing. The power density
is calculated from the energy of a single pulse, which depends on the average power P, the pulse

frequency f, the approximate laser spot area A, and the pulse length tp:

p, =-L- (7.2)

Four parameter sets were investigated as listed in Table 7.4. The parameters were chosen within a
range that will represent plausible industrial parameters to form black markings. Oxide layers are
expected to form for all parameters and significant melting may occur for parameter sets with

higher heat input.

Table 7.3: Laser parameters common among all investigated parameter sets.

Wavelength Laser spot diameter Pulse frequency Hatch spacing
(nm) (Hm) (kHz) (Hm)
1064 30 200 10

Table 7.4: Laser parameter sets applied in the study.

Average power | Pulse length Scan speed Power density | Heat input
Parameter

P tp \Y; Pp Es
set

(W) (ns) (mm/s) (W/m?) (I/m?)
#1 6 100 70 4.2:10% 8.6-10°
#2 6 200 70 2.1-10% 8.6:10°
#3 12 200 70 4.2:10% 1.7-107
#4 6 200 35 2.1-10% 1.7-107

7.2.2.2. Scanning electron microscopy

The topography and microstructure of cross sections of the disc specimens were investigated by

scanning electron microscopy (SEM). A Zeiss Sigma Field Emission SEM was utilized at
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acceleration voltages of 10-20 kV with the lower range used for secondary electron imaging and
the higher range for backscatter electron imaging. The working distance was in the range 8—13

mm. For the cross-sectional analysis, the specimens were cut and embedded in Struers’ Isofast
epoxy resin. The embeddings were subsequently prepared by standard metallographic methods,

with the last steps involving a colloidal silica suspension.

7.2.2.3. X-ray diffraction
X-ray diffraction (XRD) was utilized for phase analysis with the purpose of identifying the phases
that formed on the sample surface during laser marking. The diffractometer used was a Bruker D8
Discover, equipped with a Cu anode (wavelength 0.15418 nm) and operated with Bragg-Brentano
beam geometry. The scattering angle was varied in the range 20—65 26 using a step size of 0.04-

and a count time of 2 s per step.

7.2.2.4. Fatigue Analysis
Fatigue testing was performed with a Dyna-mess Dyna5dent-14801 according to 1ISO 14801 [16]
standard for fatigue testing of dental implants. Fatigue testing simulates chewing, the worst-case
scenario for a dental implant. The most severe testing is assumed to apply if the implant is inclined
at a 30° angle with respect to the compressive force from chewing; the number of load cycles
corresponds to the lifetime of the implant. The tests were stopped at 5-10° cycles if the specimen
had not failed. The specimens were loaded with a harmonic force between 20 N and various
maximum values to achieve different load amplitudes in the range from 40 N to 260 N. This
corresponds to load ratios R of 0.33 to 0.07. The individual tests were performed at a constant
maximum load and thereby constant load ratio. The maximum load was only varied in-between
tests to construct S—N curves in accordance with ISO 14801. The loads were chosen to identify the
endurance limit for a comparison between parameter sets and a reference specimen. The
frequency was kept constant at 15 Hz. Temperature was monitored by a thermocouple next to the
specimen to ensure that it was within the range 25-30 -C. ISO 14801 specifies two possible

environments for fatigue testing of dental implants: 20 £ 10 -C in air at a frequency of 15 Hz, or 37
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1 2 oC in saline solution at a frequency of 2 Hz. For this investigation, the former test method was
preferred because of the higher allowed frequency. The rotational positioning of the specimen with
respect to the laser mark position relative to the applied force was again chosen in order to ensure
simulation of the worst-case scenario, where the laser-marked area would experience the highest
tensile stresses. As the axial position of the piston is only limited by the specimen, the equipment
will register a failure/fracture when the piston’s axial displacement exceeds a preset value without

reaching the nominal force.

Moment arm lengths for cross
sections of markings A and B

Laser mark
A

Y Fixed end

Figure 7.2: An illustration of the fatigue testing setup, showing the angled positioning of the specimen relative to the
applied force.
Results of the fatigue tests are reported as cycles to failure at different stress amplitudes. The
stress amplitudes were calculated as the difference between minimum and maximum bending

stress:

Ao = AF (A1 - <59) (3)

Where ‘AF’ is the difference between minimum and maximum applied force in the individual test, ‘r

is the radius of the shaft, ‘I’ is the moment of inertia for a cylinder | = 1 4r4, ‘A’ is the cross-
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sectional area of the shaft, and ‘a’ is the tilt angle of the specimen. ‘L’ is the moment arm length

indicated in Figure 7.2.

7.3.Results and Interpretation

7.3.1. Surface topography and microstructure after laser marking
All parameter sets for laser marking resulted in the formation of a black surface, with some degree
of variation, see Figure 7.3 showing examples for Ti6Al4V. Parameter sets #1, 2 and 4 were
almost glossy with #1 having the darkest coloration. #3 was also dark, but the surface appeared

matte.

(c) #3 (d) #4

Figure 7.3. Digital microscopy images of laser-marked Ti6Al4V discs laser-marked with parameters #1 (a), #2 (b), #3 (c)

and #4 (d)

In Figure 7.4 SEM micrographs of the laser-marked surfaces are presented, showing areas with
several laser tracks. The laser track distance is indicated and is consistent with the nominal value

of 10 ym (cf. above). Using a laser spot size of approximately 30 um, results in 33% overlap of
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laser tracks, hence all areas have experienced 3 passes by the laser. Some variation in surface
level is observed for the specimen that was laser-marked with parameter set #1 (Figure 7.4a.),
most evident at the edges of each laser track. The same features can be observed for #2 and 4
(Figure 7.4b/d.), albeit to a lesser extent, while #4 has circular outcroppings in addition to the
variation between laser tracks. On Figure 7.4d. parameter set #3 shows a significantly different
morphology from the other parameter sets, as the surface appears to have been subjected to high
temperatures causing melting and, possibly, ablation (note the larger scalebar). This structuring
explains the matte appearance of the sample surface. Additionally, #3 differs from the other
parameter sets in terms of cracks, as it has a significantly different crack pattern exhibiting a larger
crack width and larger separation of cracks. In samples #1, #2 and #4, the pattern of the cracks
remains largely the same, while #4 may have a slightly larger crack separation. #3 has a crack
separation of 30-60 ym while the other samples have just 5-15 um. The crack width for #3 is also

several microns, while it is sub-micron for the other samples.

The laser-marked surfaces of the Ti6Al4V are shown in the following Figure 7.5 for all laser
parameters. The morphologies in dependence of laser parameters are similar to their CP-Ti
counterparts. Slight differences can be observed between CP-Ti in Figure 7.4 and Ti6Al4V in
Figure 7.5. Ti6Al4V #3 has the same morphology as CP-Ti for the same laser parameters,
because severe surface melting is responsible for the morphology. On #4 the same features are
visible; however, the tracks are not as pronounced on Ti6Al4V, and the protrusions are larger.
Slight differences in the structures inside the laser track can be observed, but a more significant
difference is the distance between cracks between the two materials. Ti6Al4V generates cracks
with almost twice the separation distance as compared to CP-Ti. CP-Ti has a crack distance of 5-

10 ym while Ti6AI4V reaches almost 20 ym.
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(@) (b)

(©) (d)
#3 Pp high — Es high #4 Pp low — Es high

Figure 7.4. Top-down secondary electron imaging of laser-marked CP-Ti. Note different scale bar in (c).
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#3 Pp high — Es high #4 Pp low — Es high

Figure 7.5. Top-down secondary electron micrographs of laser-marked Ti6Al4V. Note different scalebar in (c).

The cross-sections presented in Figures 7.6 and 7.7 show clear HAZ’s with distinct microstructures
and vertical cracks. The cracks observed in the surfaces shown in Figures 7.4 and 7.5 extend into
the material and are not limited to a surface oxide layer. Especially for #3, the high degree of
melting caused a rough surface, which can also be observed in the cross section. The dark
coloring of the laser-marked surfaces, as previously shown in Figure 7.3, is in the cross sections

located in the zone nearest to the surface, which contains very small grains.

From the cross-sections of the CP-Ti laser-marked specimens in (Figure 7.6), it is clear that the

cracks are not restricted to the surface oxide layer, but penetrate deeper into the material,
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regardless of the laser parameters. The crack length is approximately 2 um for parameters #1-2,
while #4 has a slightly longer crack length of =4 ym. Parameter set #3, shown in Figure 7.6c.,
differs dramatically from the others as the cracks reach lengths of up to 40 ym, i.e., more than 10
times the maximum crack length of the other parameter sets. Condition #3 also exhibits an uneven
surface, as expected from the apparently high surface roughness observed in Figure 7.4c. The
HAZ is almost equal to the crack length of 40 um for #3. The HAZ of #1 is comparatively small,
reaching only 4 um in depth. #2 has the shallowest HAZ of 1-2 um, while #4 has a HAZ of 5—6 um,

slightly larger than that of #1.

The HAZ for parameter sets #1, #2 and #4 can be divided into three microstructurally distinct
regions before the bulk is reached, as presented in Figure 7.6d. for backscatter electron imaging.
Closest to the surface, very fine grains are observed; this is interpreted as direct a-phase
solidification from a liquid phase. It is likely that oxygen was dissolved into the melt, enabling direct
solidification as nano-sized a-grains. Underneath, a layer of a few microns consisting of grains is
identified, which is interpreted as oxygen (and/or nitrogen) stabilized a-Ti. Sandwiched in-between
the a-Ti layer and the bulk material a layer of martensite is observed, indicating that this part has
been B-Ti during laser treatment, which transformed martensitically to a’ -Ti on cooling. Cracks

appear to extend into oxide and a-Ti layers and only occasionally into martensite.
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Figure 7.6. Backscatter electron micrographs of cross-sections of laser-marked CP-Ti marked with (a) #1, (b) #2, (c) #3

and (d) #4. Note different scalebar on (c)
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Figure 7.7. Backscatter electron micrographs of cross sections of laser-marked Ti6Al4V marked with (a) #1, (b) #2, (c) #3
and (d) #4. Note different scalebar in (c).
As compared to CP Ti, some differences are observed after laser marking the a/f microstructure of
Ti6AI4V (Figure 7.7). The bulk structure contains a minor fraction of 3-phase in-between the a-
grains. The B-phase regions range from 0.5 ym to 2 ym in size and are elongated in the drawing
direction perpendicular to the surface. The B-phase appears bright in the backscatter electron
images, due to the higher content of heavier alloying elements (in this case V). All laser marking
parameters resulted in visible HAZ’s deeper than that of the CP-Ti, as martensite can be observed
to have formed 20 um deep in the material. In Ti6AI4V, the region closest to the surface consists of
nano-sized grains (see insert in Figure 7.7a). It would be the result of an oxygen-rich melt

solidifying, as seen in CP-Ti. The depth of this zone indicates significantly more melting in Ti6AI4V,
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and no zone of the larger oxygen stabilized a-grains can be observed. This zone is followed by a
deep zone where martensite coexists with V-stabilized 3-Ti. Martensite formed from V-lean B-Ti

during rapid cooling. For specimen #3, the HAZ is much deeper, but the same features are visible.

Performing phase analysis using XRD of the laser-marked CP-titanium yields the diffractograms
presented in Figure 7.8; a reference sample is shown along with the laser-marked specimens. The
reference sample contains peaks of hexagonal close packed (HCP) a-titanium and a single peak of
(BCC) B-titanium can be resolved. The a-phase is still detectable in the laser-marked specimens,
but the peaks are shifted and asymmetric, which is especially evident for the a-peak at =62°26,
with a visible shoulder on the laser-marked peaks. The peak appears to have shifted to lower °20,
indicating an expansion of the lattice. Double peaks can be observed for the a-phase at 52 °20.
Peak shift, in this case to a smaller scattering angle, is the consequence of a larger lattice spacing
in the measurement direction and is a consequence of either residual stresses and/or dissolution of
interstitials. Abundant cracks indicate that relaxation of stresses in the direction parallel to the
surface has occurred (at least partly). The presence of oxides indicates dissolution of oxygen,
which indeed leads to an increase in particularly the ‘c’ lattice parameter of a-Ti [17]. The
asymmetry of certain peaks could indicate a gradient in residual stress or in interstitial content
along the measurement direction. As a consequence of stress relaxation in the plane of the
surface, 3D stress distributions develop in the islands separated by cracks. In principle asymmetry
may arise from such stress (strain) distributions. Nevertheless, the presence of oxygen gradients in
the analyzed volume is held responsible for the asymmetry, because changes in composition have
generally a larger effect on the peak shift than stress/strain inhomogeneities. The formation of
double peaks and the largest shift for peaks related to the ‘c’ lattice parameter corroborate this
interpretation, because the c lattice parameter is most sensitive for the dissolution of interstitials

[17].
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Figure 7.8: Diffractogram of a reference sample of CP-Ti and laser marked surfaces.

Several new phases were identified after laser marking. Clearly, several oxides are present: Ti;Os,
TiOz in the form of both rutile (tetragonal) and anatase (BCC), as well as rock-salt type “TiO”; it is
noted that TiO is isomorphous with TiN and that these compounds are considered fully
intersoluble. Accordingly, the identified TiO peaks could just as well be a mixed compound, i.e.
Ti(O,N). The Ti(O,N) peaks vary in position for different laser parameters and are slightly
asymmetric. Specimen #3, which is assumed to have reached the highest temperatures for the
longest duration, exhibits a significant deviation in Ti(O,N) peak position from the remaining laser
parameter sets. The amounts of TiO and TiN that have formed can vary for the different heat

treatments. Especially the Ti(O,N) peak of #4 is located at a position different from the other

parameter sets.
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Figure 7.9: Diffractogram of laser marked Ti6Al4V with parameters #1-4 as well as a reference sample.

The diffractograms for laser-marked Ti6AI4V in Figure 7.9 show that only Ti(O,N) can be
identified, but with a relatively high intensity. Significant shifts of the a-phase (002) and (102) peaks
in Figures 7.8 and 7.9 are observed, because their peak positions are most sensitive for the ¢
lattice parameter of hcp Ti and interstitially dissolved O and/or N affects the c lattice parameter
much more pronouncedly than the a lattice parameter [17]. A broadening of the peaks could be a
consequence of the formation of nano-sized grains as observed in Figure 7.7 or a variation in
chemical composition within the diffracting volume. The diffractogram in Figure 7.9 contains an

artefact peak at 33 20, produced by the step in the sample geometry, as illustrated in Figure 7.1b.

139



Chapter 7 Manuscript IV

7.3.2. Fatigue and fracture analysis
Figure 7.10 a and b show two S—N diagrams summarizing all fatigue testing results for CP-Ti and
Ti6AI4V, respectively®. For both materials, the obtained data follow in general the characteristic
form of S—N curves for metals, irrespective of the presence or the type of laser markings. The
applied load is presented as the stress amplitude because the effective arm length is different for
laser-marked specimens as compared to the reference specimen. Laser-marked specimen fracture
at the laser mark (see point A on Figure 7.2), yielding a horizontal arm length of 3.5 mm, while the
unmarked specimens fracture in the neck (see point B on Figure 7.2) at a horizontal arm length of
4.5 mm. In the high cycle fatigue range the allowable stress amplitude decreases linearly with the
logarithm of the number of cycles. Below a certain fatigue endurance threshold, virtually infinite
lifetime is observed for tests stopped after a maximum of 5-10° cycles (filled markers in the
diagrams). The absence of a plateau in the low cycle regime indicates that none of the tests were

performed above the yield strength, which would lead to low cycle fatigue.

CP-Ti specimens without laser markings are included in Figure 7.10a as a baseline case and
exhibit an endurance limit of approximately 750 MPa in bending moment. The surface quality of
these specimens is as manufactured by lathe turning. A dramatic reduction in fatigue strength is
observed for all laser-marked specimens in comparison with the baseline, regardless of the
specific laser parameters. Parameter sets #1, #2 and #4 exhibit similar fatigue performance, with
approximately the same slope in the high cycle fatigue region and an endurance limit characterized
by a stress amplitude of about 330 MPa. This is a reduction in fatigue limit by more than 50% as

compared to the baseline. The performance of parameter set #3 is significantly worse than the

13 Endurance limits of the reference specimen were identified to be at higher stress amplitudes than the
tensile yield strength given by the supplier and measured in uniaxial tensile testing. The yield strength as
determined in a bending test is anticipated to be higher, as part of the component is in compression. Values
reported by other authors obtained from CP-Ti testing via ISO 1801, are consistent with the current values
after recalculation for their loads, diameters and arm lengths [37]—[39].
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other three laser parameter sets, resulting in an “endurance limit” of only 100 MPa, i.e., a reduction

of the fatigue limit of about 85%.
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Figure 7.10. S—N data of fatigue tested (a) CP-titanium and (b) Ti6Al4V specimens, tested with different laser marking

parameter sets (#1-4) and without laser marking (Ref.). Lines are given to guide the eye.
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For Ti6Al4V, the detrimental effect of laser marking on fatigue performance is even stronger than
for CP-Ti. The endurance limit of the unmarked baseline specimens at about 1150 MPa stress
amplitude, significantly higher than the CP-Ti baseline. As before, parameter sets #1, #2 and #4
lead to similar fatigue performance, which is significantly deteriorated compared to the baseline for
Ti6Al4. For the parameter set #3, the reduction in endurance limit is even more dramatic than for
sets #1, #2 and #4, as was the case also for CP-Ti. Parameter sets #1, #2 and #4 exhibit an
endurance limit of just 250 MPa, lower than the corresponding parameter sets in CP-Ti. This is a
reduction of 80% relative to the untreated alloy. Ti6Al4V specimens treated with parameter set #3

exhibit an endurance limit similar to that of the corresponding CP-Ti specimens.

Selected fractography images of fractured specimens are shown in Figures 7.11-7.14. The surface
shown in Figure 7.11 corresponds to the baseline CP-Ti specimen fractured at a stress amplitude
of 860 MPa. The fracture pattern extending at the top of the cross section indicates the crack
initiation site. The steady crack propagation area extends from the top downward over
approximately one third of the cross section. Higher magnification images of this region show
striations that are typical for stage Il fatigue crack propagation [18]. The lower two thirds of the
cross section correspond to accelerated (stage lll) crack propagation towards the final fracture. For
CP-Ti the final stage of crack propagation occurs along grain boundaries. This is different from the
results for Ti6AI4V, discussed later, where ductile fracture is observed in the final stage, with

formation of the characteristic dimples seen in the corresponding region in Figure 7.15 [18].

Different fatigue behavior is observed in the laser-marked sample, with an example of laser-
marked CP-Ti shown in Figure 7.12. No clear crack initiation site can be identified. Rather, the
crack appears to have propagated from the entire laser-marked surface. Propagation lines do not
emerge from a single point, but from the surface area instead. Closer inspection of the laser-
marked area reveals the HAZ closest to the surface then followed by a crack propagation zone. At
higher magnification in the stage Il propagation zone, striations are observed, but are significantly

smaller than for the baseline CP-Ti owing to the lower load levels for fatigue testing. The fracture
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surface for parameter set #3 is shown in Figure 7.13. The stage Il propagation zone is much larger,
covering more than half of the cross section, because the overall load level during this fatigue test

is very low, as the specimen fractured at a stress amplitude of just 170 MPa, cf. Figure 7.10.

The crack initiation sites on the fracture surfaces are compared in Figure 7.14 for all laser
parameters. It is clear that #3 has a much deeper case of brittle material and that the fracture in
this HAZ is approaching a brittle fracture. In most specimens, the HAZ is clearly visible in the
fractured surfaces. Some areas, especially for CP-Ti #1, the HAZ is not visible as a consequence
of deformation of the fracture surface. Upon further inspection, such areas are visible on most
specimens, but only close to the surface. An explanation can be in the nature of the test and the
many cycles where crack propagation close to the surface is slow. The two surfaces may have

touched each other repeatedly, resulting in this kind of deformation.

Ti6Al4V behaves slightly different than CP-Ti and the fracture surface has a different morphology.
Ti6Al4V has smaller grains, which results in a finer morphology. Striations are visible at higher
magnifications but are smaller than the corresponding specimen manufactured in CP-Ti for all laser
parameters and fatigue analysis loads. An example of a fractured surface of parameter set #3 and
a stress amplitude of 400 MPa, is shown in Figure 7.15. Ti6AI4V has a significantly higher strength
than CP-Ti (Table 7.2), which resists crack propagation, leading to more finely spaced striations.
The HAZ shows signs of brittleness, as cracks remain in the zone. The crack has propagated

primarily through the a-phase.
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Figure 7.11: Secondary electron images of a fractured fatigue specimen, tested at 850 MPa manufactured in CP-Ti and
without laser marking. The left side shows an overview image of the fractured surface, and the right side shows

magnified areas in the crack initiation-, crack propagation- and fast fracture zones.
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Figure 7.13: Overview image of CP-Ti laser marked with parameter set #3 after fatigue testing and a magnified image of

the crack initiation at the laser mark. Images are captured via secondary electron detector.
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JTiBAIAV

Figure 7.14: SEM secondary electron micrographs of the crack initiation sites of fractured fatigue specimens for all

parameters for CP-Ti (left) and Ti6Al4V (right).
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Figure 7.15: Secondary Electron Micrographs of the fractured surface of a Ti6Al4V specimen, laser marked with

parameter set #3 and tested at 400 MPa.
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7.4.Discussion

All laser-marking parameters produced black markings capable of producing a text/tag readable
without aid. This means that all parameters, in principle could fulfill the requirements for formation
of UDI on medical devices [7]. It is however also clear that cracks form in the surface zone upon
laser marking as is evident from Figure 7.4, and that the cracks penetrate a considerable distance
into the HAZ as observed in Figure 7.6 and 7.7. These cracks formed during the cooling of the
laser tracks. Other investigations have shown that high residual stresses can form indeed during
laser marking of titanium alloys [14]. It should be noted that no apparent correlation was observed
between the crack networks and the laser tracks. Several mechanisms contribute to residual
stresses in the top layer. Since only the surface is heated during laser marking while the bulk stays
cold, thermal shrink on cooling as well as volume changes associated with phase transformations
as liquid—solid and B—a are the obvious sources of residual stresses during cooling [14]. The

origin of tensile residual stresses and crack initiation will be identified below.

Considering the cross sections of the laser-marked specimen on Figures 7.6 and 7.7, it is observed
that the cracks reach below the oxide layer. For all laser parameters but #3, the cracks terminate
at, or near, the transition from a-Ti to martensite in the HAZ. The cracks are perpendicular to the
laser-marked surface, which indicates that they originate from tensile stresses imposed by the
volume underneath the oxide and a-Ti zones (cf. Figures 7.6 and 7.7). The observation that cracks
end near the martensitic zone in the HAZ strongly suggests that crack initiation has occurred as a

consequence of a volume expansion associated with the B—a transition [19-22].1

14 For pure titanium the transition from BCC B-Ti to HCP a-Ti is accompanied by a volume decrease from
18.25 10- 30 m® per Ti atom to 17.70 10— 30 m?3 per Ti atom [40], because the latter is more densely
packed. The presence of (unintentional) alloying elements in the lattice may change this volume reduction
into a volume expansion. For example, the presence of O in HCP a-Ti will cause a larger volume expansion
(expressed per Ti atom) in BCC 3-Ti than in HCP a-Ti. Hence, the presence of O in 3-Ti can lead to a
volume expansion on martensitic transformation.
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The development of the HAZ can be discussed as follows. The depth range of the HAZ is taken as
the transition from a martensitic structure to the initial microstructure of the alloy. The transition
from martensite to initial microstructure corresponds to a temperature where 3-Ti was stable during
laser marking, i.e., the B-transus, which corresponds to 882 -C for pure titanium. Since titanium
has an extremely high affinity for oxygen, atmospheric air is a highly oxidizing environment at
elevated temperatures. Above (3-transus, ingress of oxygen occurs rapidly by diffusion into 8-
phase. However, the solubility of oxygen in B-phase is limited, such that ingress of oxygen
promotes the formation of a-Ti, which has a much higher capacity for oxygen [23,24]. Accordingly,
at high temperature, for parameter sets #1, #2 and #4 the HAZ consists of a sequence of melt at
the surface, an oxygen stabilized layer of a-Ti and a layer of 3-Ti. The melt will have a high content
of oxygen and solidifies directly as a-grains, as the oxygen suppresses the 3-transformation,
explaining the small grain size. Oxide particles can have precipitated along with the a-Ti or been
generated during subsequent cooling [25]. The dissolution of oxygen in a-Ti leads to a volume
expansion, which is corroborated by the peak shift/split of metallic a-Ti peaks in Figure 7.8.
Thermodynamically, a series of oxides including TiO and Magnéli oxides (TinO2n-1) would be
expected in-between O-rich a-Ti and TiO2 [25]. Short oxidation times in the microsecond regime
may have prevented the nucleation of all expected oxides, because only TiO and Ti.O3; were found
occasionally. The titanium-based oxides identified with XRD are consistent with those expected
[26,27], apart from the relatively low abundance in Ti6Al4V of the most stable oxide TiO,. Titanium
is known to become harder by solution strengthening and more brittle by dissolution of oxygen
[28,29]. This is anticipated to have played a role in crack initiation upon martensitic transformation

of oxygen lean 3-Ti into a-Ti.

For Ti6Al4V the HAZs are similar to those for CP-Ti. However, the martensitic transformation
extends appreciably deeper for Ti6Al4V than for CP-Ti. A variety of mechanisms can be
responsible for this difference in HAZ. The thermal conductivity of Ti6AI4V is lower than for CP-Ti,

giving a larger accumulation of heat in the surface, since the bulk is a less effective heat sink. The
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interaction with the laser can vary between the two materials, as the absorption is dependent on
temperature and formation of oxides. When another phase, such as oxides, form on the surface,
the laser absorption would naturally change [30]. Evidently, the abundance of oxides is different on
the CP Ti and Ti6Al4V surfaces (Figures 7.8 and 7.9). Hence, under the influence of the
temperature gradient B-Ti has developed much deeper into Ti6AI4V than in CP-Ti, which, on
cooling, has led to a thicker zone where martensite has formed. The V-rich 3-phase in the original
microstructure is clearly identified in the microstructure in Figure 7.7 as the bright areas. This
original B-phase did not transform during laser treatment, only the surrounding a-matrix
transformed to B-phase and subsequently transformed to martensite. The much thicker martensite
zone in the HAZ in Ti6Al4V than in CP Ti, and the dual phase nature of the original (and
transformed) microstructure of Ti6AI4V will cause a different distribution of the transformation
stresses. Also, the different compositions of the transforming B-phase and forming martensite in
the two alloys will affect the volume change during the transformation. These circumstances may
provide an explanation for the difference in crack density at the surface as observed in Figures 7.4

and 7.5 for corresponding laser parameter sets.

E. Gyorgi et al. found a network of microcracks after laser processing which they believed to be a
consequence of consecutive remelting of the surface [31]. This could contribute on a large scale in
the present experiments for parameter set #3, where the cracks are both wider and more widely
spaced. It is clear from the surface morphology of #3, that a large degree of melting did occur
during laser marking and that the cracks extend deeper into the material. Hence, they are wider at
the surface. No clear indications of martensite formation were observed for parameter set #3.
Instead, the initiation of cracks is entirely attributed to tensile stresses caused by thermal shrink of

the solidified zone, which contains a large abundance of oxides.

There are other potential issues regarding laser-marked titanium as implants, since a myriad of
titanium oxides can form on the surface. The passive film of TiO», characteristic for titanium alloys,

is responsible for the bio-inert properties which makes titanium alloys such an attractive
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biomaterial. However, this film also retards the initial osteointegration [32]. When a significantly
thicker oxide layer is produced via laser marking, it could potentially inhibit osteointegration
indefinitely. There is also the issue of toxicity, and as the surface of titanium is conventionally TiO,
the toxicity of the other oxides has not been investigated yet. But TiO» has been researched
extensively in biological systems and doubt has recently been raised regarding the biocompatibility
with much discrepancy between studies [33]. TiO: in the form of nanopatrticles has been shown to
accumulate and potentially cause cell death and affect the nervous system [34,35]. Laser markings
should be investigated to rule out the formation of oxide particles, which could be absorbed into the
body. The large cracks generated in the laser markings could potentially be a factor negatively
affecting the cleaning procedure and bacterial growth on implants. It has been shown that porous
titanium implants, although they improve osteointegration, may be more susceptible to bacterial

growth [36].

The effect of laser marking on fatigue strength of the two most common titanium alloys is obvious
from the S—N curves in Figure 7.10. Oxidative laser marking dramatically jeopardizes the fatigue
performance at stress levels far below the endurance limit of unmarked alloys. Evidently, the
presence of surface cracks reaching several microns into the alloys to the depth where the
martensite zone in the HAZ begins, bypasses the crack initiation stage during fatigue testing.
Often, crack initiation establishes 80—90% of the fatigue life. The deeper cracks and HAZ in laser-
marked Ti6AI4V explains the more dramatic deterioration in fatigue performance for this alloy as
compared to CP Ti. The consistently poor fatigue performance for laser marking parameter set #3
is attributed to the significantly deeper initial cracks. It should be mentioned that there was no
compensation for the curved surface of the fatigue specimen during laser marking, and that the
laser was focused on the highest point on the curve. This translates into slight variation of laser
spot size which would affect the power density as described by equation (7.2). Some degree of

variation in the degree of melting and oxidation can therefore be expected along the laser mark,
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however the black color was present in the whole mark, and the HAZ was visible along the entire

laser-marked edge.

For industrial applications, precautions should be taken regarding laser-marked UDI on medical
implants and devices which experience cyclic stress. Due to the significant reduction in fatigue
strength, UDIs should not be applied at locations where the component is subjected to cyclic
loading. Instead, laser marking should be placed at locations where the applied load is far below
design load. In particular, laser markings should be avoided on implants or tools. For torque
wrenches for implant surgeries, UDIs should be avoided on the shaft and, instead, be applied on
the end of the shaft. The implications of UDI on implants are likely more critical; UDI should not be
applied onto dental implants, as opposed to the growing demands and regulations. If UDIs are
demanded despite the associated surface deterioration, the parameters should be selected such
that surface melting is minimized. Particularly, the anticipated origin of crack initiation, the
martensitic B—a transformation, should be avoided, by choosing a suitable alloy. In this respect
CP-Ti is less vulnerable than the widely applied Ti6Al4V. Preferably, an alloy is used that either
does not suffer from martensite formation, as for example a (near) stable 3-titanium alloy, or an a-
titanium alloy where the martensitic transformation is associated with imposing compressive stress

in the top part of the HAZ.

7.5.Conclusions

The following conclusions can be drawn based on the results of this investigation.

- Laser marking by conventional methods to form UDI, will result in crack formation on the
surface of the two most common titanium alloys for medical purposes: CP-Ti and Ti6Al4.

- The application of UDI by oxidative laser marking on titanium alloys will significantly reduce
the fatigue strength. UDI should be avoided on critical locations where alternating loads are

applied.
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- The oxidation and crack formation, and thereby the reduction of fatigue strength, can to
some degree be affected by the laser parameters. More laser energy and more melting are
likely to result in deeper cracks and thereby a more dramatic reduction in fatigue strength.

- CP-Ti performs better after laser marking than the Ti6Al4 regarding fatigue strength relative
to the baseline, depending on the laser parameters as the HAZ and cracks are generally
deeper for Ti6AI4V.

- Several distinct microstructures and oxides form during laser marking. Crack initiation in the
HAZ reaches to the transition from oxygen-enriched a-Ti to prior B-Ti, that has transformed

to martensite during cooling.
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8. Industrial Laser Marking Guidelines

8.1.Stainless Steel

The result of laser marking on stainless steel has been found to be particularly influenced by both
parameters and choice of material. Failed markings are found in the form of corrosion, resulting in
either rusty stains or a delamination of the oxide layer, and consequently parameters and material
should be decided upon as to maximize the corrosion resistance. Additionally, chemical

passivation can be utilized to increase the corrosion/pitting resistance after laser marking.

The choice of steel should be based on the knowledge on how the chemical composition and
microstructure can affect the corrosion resistance. High content of passivating elements, such as
chromium and molybdenum are preferred, as a high content of these elements may counteract the
loss of passivity following chromium depletion upon oxidative laser marking. To avoid severe loss
of passivity, stainless steel grade with low chromium content (11-14 wt.%) should be avoided, if
possible, especially if a strong black color is required. Otherwise, manufacturers might have to
settle with a grey appearance instead of black. Other alloying elements were also found to affect
the performance of oxidative laser marking, such as the presence of MnS. As it was found that
thermal degradation of MnS was a source of preliminary pits in the laser marking, manufacturers

might wish to compromise the enhanced machineability from MnS to gain corrosion resistance.

Even if nitrogen in solution has a positive effect on the PREN, it was found that it did not increase
the corrosion resistance of laser marked stainless steel. As the color of nitrided specimen was also
significantly darker, it is hypothesized that the nitrided surface affects the laser marking process
itself, either by increasing the absorption of laser energy or by increasing the diffusion of oxygen.
Therefore nitriding, which is a conventional method of increasing corrosion resistance, should not

be applied without performing a parameter study on the laser marking process.
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A common method of increasing the corrosion resistance of stainless steel is by applying
chemsical passivation to the finished product. This process is traditionally performed in nitric acid,
but there is consensus in scientific literature that citric acid passivation can be utilized to the same
effect on the most common stainless steels. Therefore, it is recommended that citric acid
passivation is performed rather than nitric acid passivation, as nitric acid is more dangerous to
handle and can cause injuries. Citric acid is on the other hand a common additive in food products

and is safe to handle.

The effect of chemical passivation on laser marked stainless steel is generally positive and can
prevent pit initiation which will develop to cause delamination of the oxide layer and thereby render
the product unfit for application. The laser marking must be re-passivated as it is otherwise in
significant risk of corrosion. Laser markings will still be locations for corrosion, but to a much lesser

degree.

It has been found that the laser parameters affect the corrosion resistance and color strength
significantly. The color strength is dependent on the heat input and thereby the oxide layer
thickness and so a paradox is presented. High heat input will result in low corrosion resistance,
thereby producing markings with high color strength and corrosion resistance has proven difficult
via oxidative laser marking. Experiments should be performed on each material to determine a
good compromise between heat input and color strength. If a higher color strength is preferred, a

material with higher chromium content is required.

There was little effect on the corrosion resistance from the power density, but literature suggests
that good corrosion resistance can be achieved via ablative laser marking. Ablative laser marking
is commonly achieved with a high power density and low pulse frequency, to generate contrast by
evaporation and melting of material. A summary of the laser marking guidelines regarding
corrosion resistance of stainless steel, is presented in Figure 10.1. The corrosion resistance has
been found to decrease slightly with increasing heat input, until a certain threshold is reached, and

the corrosion resistance drops rapidly. It is thought that with certain heat inputs, the sub-surface
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loses its ability to passivate. Eventually the corrosion resistance of a low-chromium steel is
achieved. More research would be necessary to determine the exact shape of the curve, and

Figure 10.1 is merely intended to be a guideline and rule of thumb.

A Color Strength

Base material corrosion resistance

Corrosion Resistance

Heat Input

Figure 10.1 An illustration of how the heat input during oxidative laser marking is thought to influence the corrosion

resistance of stainless steel.

8.2.Titanium Alloys
Laser marking of titanium alloys was not found to impact corrosion resistance significantly, as there
is no chromium depletion to be responsible for reduced corrosion resistance. The issue of laser
marking titanium is the generation of cracks of significant depth into the material, acting as notches

and completely bypassing the crack initiation during cycling loading.

In present work, only commercially pure titanium and Ti6Al4V have been investigated, and the
crack formation was detrimental to both materials. Crack initiation is up to 95 % of the fatigue life of
metallic components, and this stage is essentially skipped upon laser marking. Ti6Al4V has a

higher percentwise decrease in fatigue strength as all investigated parameter sets reduced fatigue
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life by almost 80 %. CP-Ti performed slightly better with some dependence on laser parameters.
The reduction in fatigue strength appeared to be largely independent of laser parameters on
Ti6Al4V, while on CP-Ti a dependence on the crack length could be observed. The largest crack
length was achieved by applying high power density and heat input during laser marking, causing a

large degree of melting.

The effect on less common titanium alloys is unknown and the impact on fatigue strength should
be investigated before application. This includes the so-called B-alloys, where the introduction of
oxygen can alter the transformations occurring during laser marking. When laser marking titanium,
the degree of melting should be minimized, and the fatigue strength should be tested in loading
conditions similar to that in application. Most importantly, Ti6Al4V which is significantly stronger
than CP-Ti in the unmarked condition, does not perform better after laser marking. The
unprecedented reduction in fatigue strength could be detrimental to the product. Therefore, the
location of the laser mark may be of higher importance than the parameters, given that the degree

of melting is controlled.

If laser markings must be applied to titanium alloys, it should be located in a position where the
marking does not experience cyclic loading. If applied on an implant, a fracture could endanger

patient health.
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9. Summary and Conclusions

This thesis addresses the issues and challenges of laser-marking in the medical device industry, to
ensure application without failure of the laser-marking. Two types of materials are investigated:
Titanium alloys and stainless steel, as they are by far the most utilized metallic materials in the
medical device industry. The results are presented in the form of 4 manuscripts and a
supplementary section, each containing detailed conclusion and discussions. This section presents
the overall results and most important conclusions divided into two categories: Laser-marking of

stainless steel and laser-marking of titanium.

9.1.Laser Marking of Stainless Steel
A black oxide could be reliably formed on both martensitic and austenitic stainless steels and the
color strength was determined to depend largely on the laser heat input. A reduction of the
corrosion potential was measured for all laser parameters when laser-marking in the oxidative
regime. Severe corrosion would lead to a delamination of the black oxide. This was attributed to
chromium depletion in the material below the oxide layer. A chromium depletion in the first few pum
below the oxide was measured via GDOES, and a chromium containing oxide layer was identified
with EDS. The corrosion potential was drastically reduced at high laser heat inputs to the point
where the substrate had likely lost its ability to form a passive layer. The oxide layer exhibited
significant crack formation, but the cracks were limited to the oxide layer and did not penetrate into
the material. High tensile residual stresses were measured in the sub-surface on martensitic
stainless steel, following laser-marking. This is thought to be a consequence of the altered

chemical composition and phase changes.

The presence of MnS inclusions had a negative impact on the ability to retain corrosion resistance
after laser-marking. Abundant MnS would result in crater-like features across the laser-marked
surface, as a consequence of the degradation of rod-like inclusions during laser interaction. Access

of the electrolyte to the chromium depleted and high sulfur subsurface would be the result,
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drastically reducing the corrosion resistance relative to similar steels with a low content of MnS. It
was attempted to mitigate the deterioration of the corrosion resistance by increasing the nitrogen
content before laser marking, as nitrogen is known to have a positive influence on the PREN.
However, an increased color strength and reduced corrosion resistance of the laser-marking on
nitrided specimen relative to non-nitrided samples, showed that nitriding alters other properties
related to the laser-marking process. A higher content of retained austenite or formation of nitride
compounds on the surface is hypothesized to have changed the laser absorption, thereby
increasing the effective laser heat input. Citric acid passivation is a more promising method of
retaining corrosion resistance, at least on stainless steels with higher chromium content. It was
shown that citric acid passivation significantly reduced the metastable pitting and increased the

pitting potential to values similar to those of the reference material.

9.2.Laser Marking of Titanium
Laser-marking on titanium alloys altered the surface morphology and microstructure significantly.
Most notably, large vertical cracks developed, penetrating deep into the substrate. The crack
length depended to some degree on the laser parameters. Combining high power density and high
heat input, a large amount of material was melted and the crack length increased significantly.
There were signs of melting in all samples and indications of an increased content of oxygen in the
outer part of the HAZ. The melted part of the HAZ solidified directly as nano-sized grains of a-Ti,
by-passing B-formation from the melt. This observation suggests a high content of a-stabilizing
oxygen. Oxygen-stabilized a-Ti was also found deeper in the HAZ, where the material did not melt.
The cracks were limited to the oxygen-stabilized a-Ti and did not extend into the deepest part of
the HAZ, which consisted of martensite originating from the B—>a transformation. The resulting
vertical cracks indicate that tensile stress resulted in the surface-adjacent region by a volume

expansion associated with B—>a transformation underneath.

Laser-marking decreased the fatigue strength of the titanium alloys dramatically. The cracks

introduced during laser marking prior to loading of the specimen implies that crack initiation, which
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is by far the longest stage, was essentially skipped. It was observed that the cracks propagated
from the entirety of the laser marked surface and did not have a single point of initiation. The
reduction in fatigue life depended for CP-Ti on the crack length, with the highest reduction
observed in specimen with the deepest cracks. This was also observed for T6AI4V, albeit to a
lesser extent. No oxide layer was observed with microscopy on laser marked titanium, but the
presence of oxides was confirmed XRD. These results indicate that the oxides were present in the

melt as particles, rather than as a continuous layer on top of the melt.
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Appendix: Simulation of Laser Marking on Stainless Steel

As nanosecond laser marking takes place on small timescales with rapid cooling and heating, the
thermal history of a laser-marked surface can be quite complicated. It is important to understand
how the material was heated and cooled, to understand the mechanism behind changes in
microstructure, residual stress state and general performance of the material. Numerical simulation
is a useful tool to understand complicated phenomena in detail. The situation of laser marking is
complicated indeed, with a large degree of overlap both in the laser tracks and of the pulse spots

as high pulse frequencies are common.

The numerical model was developed during a special course supervised by Mohamad Bayat and
Jesper Hattel, titled “Modelling of the laser-marking post-process”. The presented results have
previously been handed in as a report for the special course but in a different format. The contents
are reproduced for completeness and illustration. The contents cannot be evaluated as a part of

the thesis, because they have been evaluated earlier as a 5 ECTS special course.

9.3. Symbols

Symbols Definition

P Average power of the laser, W
f Pulse frequency, Hz

\Y Laser scan speed, m/s

tp Pulse length, s

Ep Energy of a single pulse, J

A Laser spot size, m?

ls Hatch spacing, m

Py Peak power density, W/m?

Es Energy input, J/m?
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n Laser energy absorptance of a material

r Radius of the gaussian laser spot, m

Cllaser Gaussian laser heat source, W/m?

Ps Density of solid, kg/m?

o} Density of liquid, kg/m?®

Cps Specific heat capacity of solid, J/(kg-K)

Col Specific heat capacity of liquid, J/(kg-K)

T Temperature, K

k Thermal conductivity, W/(m-k)

Q Total transferred energy

lair Convection to ambient air, W/m?

h Convection heat transfer coefficient, W/(m?-K)
Tamb Ambient temperature, K

Qrad Heat transfer to ambient by radiation, W/m?
o Boltzmann constant, 5.67-108 Wm?K*

€ Surface emissivity

w Phase fraction of liquid

AHgys Latent heat of fusion, J/kg

a Thermal diffusivity, m?/s

9.4.Materials and Methods

9.4.1. Numerical Modelling
The modelling of the nanosecond laser marking method was performed as a FEM using COMSOL
Multiphysics 5.4, with the purpose of simulating and validating the thermal field and melt pools

during laser marking. Due to time constraints, a simplified laser marking process was investigated,
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where only a single track was simulated. In reality, laser-marking involves many tracks and overlap
of these. For the purpose of numerical modelling, the following assumptions have been made:
- The laser energy, guaser (W/m?) distribution can be described as a Gaussian distribution with

, 2 ey
the equation queer = —2—-¢€ 2 .

r2

- ltis assumed that the Marangoni effect and liquid flow can be ignored.

- Evaporation is assumed negligible.

- The material properties are assumed to be uniform in the entire specimen.

- The laser marked surface is assumed to be perfectly flat.

As laser marking generates a shallow HAZ, the geometry for the model can be small. A finely
meshed box of 0.62 x 0.15 x 0.05 mm is utilized for the laser marking simulation. This small box is
placed within a larger geometry with a much coarser mesh which can act as a heat sink, as would
be the case for laser-marking in industry. The geometries are illustrated in Figure 3.1 and are
mirrored in the plane marked as 3 during simulation. As the laser spot energy distribution is
assumed to be symmetrical, it is possible to simulate half of the laser marked part and mirror the
results. A single laser track is simulated, moving from point 1 to point 2 illustrated on Figure 3.1.
The geometries are meshed with tetrahedral elements. Furthermore, plane 4 is to be the only

surface with ambience heat transfer, all other surfaces are considered adiabatic.
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Figure 3.1: The geometries used for numerical modelling of pulsed nanosecond laser marking.

The heat transfer from plane 4 is assumed to be happening by radiation and convection with air.

Radiation is calculated as:
Qrad = EO_(T;mb - T4)

Surface emissivity is taken as 0.4, which is a common value for stainless steel. Convection from

plane 4 is calculated as:

qdc = h(Tamb - T)

The convection heat transfer coefficient is assumed to be 19.2 W/(m?-K), a common value for
convection between metallic surfaces and air. An ambient temperature of 293 K is assumed.
Stainless steel is a phase changing material and the physical properties change with phase
transformation. AISI 304 is assumed to have only two phases during laser marking, which are a
solid austenite phase and liquid phase. Therefore, the physical properties will depend on the phase

fraction of each:
p=0-wps+wp

k=0-w)ks+wk;
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1 oa
c, = E((l — W)psCps +WpiCyt) + MHyys -
Furthermore, the latent heat of fusion, AHzs, is absorbed or released depending on the phase
transformation. It will be released during the transformation of liquid to solid, while the same
amount of extra energy is required for the opposite transformation. The general equation for the

temperature field is calculated as:

oT
pC, (E) + pCyulT = V(—kVT)Q"

It describes the change in temperature with time, as heat is transferred via conduction and
convection, however as flow was assumed to be negligible, the heat transfer is dominated by

conduction.

9.4.2. Material
For both the numerical modelling and the verification of the model, the stainless steel AISI 304L is
utilized. The nominal chemical composition can be found in Table 3.1. As AISI 304L is a very
common material, the physical constants are well-known [1-3]. It is assumed to be fully austenite

when solid. The utilized physical constants are listed in Table 3.2.

Table 3.1: The nominal chemical composition of AISI 304L.

Element C Mn P S Si Cr Ni

W% <0.07 <2.00 <0.05 <0.03 <1.00 17-19 8-11

Table 3.2: Physical constants utilized for numerical modelling of laser marking on AlSI 304L.

Solid Liquid
Density, kg/m?3 7200 6900
Specific heat capacity, J/(kg-K) 712 837
Latent heat of fusion, J/kg -2.74-10° -
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Thermal conductivity, W/(m-K) 19.2 209.2
Viscosity, kg/(m-s) 1 6-102
Solidus temperature, K - 1697
Liquidus temperature, K 1727 -

9.4.1. Experimental
For experimental validation of the numerical model, the FOBA Y.002 Nd:YAG nanosecond pulsed
fiber laser was used to produce laser-markings on AlISI 304L discs. The purpose was to validate
the model by comparing melt pool size and shape between the model and experimental samples.
The discs were cut from a drawn rod via lathe turning, where the surface was subsequently ground
with SiC abrasive paper, the final grinding step being with coarseness # 4000P. The discs were of
@ 7 mm and a thickness of 2 mm. The laser tracks were applied parallel to each other and the
hatch spacing was set to 35 um. As the nominal laser spot size is 30 um, this should ensure a
limited track overlap. For cross-sectional analysis of the melt pools, the laser marked discs were

cut perpendicular to the laser tracks.

As Conventional laser parameters for oxidative laser marking did not produce melt pools which
were easily detectable with light optical microscopy, the melt pool verification was performed with
somewhat exaggerated laser parameters. Conventional marking speeds are in the range of 500-
3000 mm/s and the average power is 4-10 W. For this investigation, the marking speed was
reduced to 100 mm/s and the average power increased to 14 W. This yields a substantial increase
in both power density and heat input, as the heat generated from each pulse is increased and
there is a high overlap for each laser spot. An overview of the laser parameters can be found in

Table 3.3.

Table 3.3: Parameters utilized during laser marking and numerical simulation of laser marking.

Marking scan speed 100 mm/s

Average power 14w
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Hatch spacing 35 um
Frequency 200 kHz
Pulse length 200 ns

9.5.Results and Discussion

To simulate the laser pulses, the Gaussian heat distribution of the laser is multiplied with a square
wavefunction, w, as to imitate the laser turning on and off. The wavefunction should repeat for
each total pulse cycle of the laser, for which the time can be calculated as the inverse of the pulse
frequency:

1 1 .

? = —1 =5-10"°s

2105 (2
2 10° ()

However, the laser will only be active for 200 ns of the pulse cycle time, which amounts to 4 %.

The wavefunction can then be constructed and will have an active duty-cycle of 0.04 and occur at
an angular frequency of % The amplitude can be set to 0.5. The following equation will
describe the laser as a pulsing moving heat source:

2 (—P n 2 2
ft _,(x=x0)*+(y=y0)
Qiaser = W+ 1) n—p e( r? )

7"2
A mesh dependency study was performed on the model, as to determine how many elements are
required to simulate the laser process. The model was investigated on two parameters: maximum
temperature and liquid phase fraction. The mesh dependency was investigated with 100,000,

300,000 and 600,000 elements.
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From Figure 3.2a, it is clear that the coarser meshes of 100,000 and 300,000 elements are
insufficient to simulate the laser marking process. This is because there are no clear temperature
spikes, as would be the case during pulsed laser-marking. Instead the coarser meshes are
relatively stable around 1800 K. 600,000 elements are enough to resolve part of temperature
spikes up to 3500 K, but it must be noted that a finer mesh and sampling interval could be
beneficial to capture the thermal effects of the laser pulses. On Figure 3.2b it can be seen that
coarser meshes exaggerate the melt pool size after steady state has been reached. The finest
mesh exhibits the lowest melt pool size and the least variation in size. The time resolution of the
model appears to be too low to really capture the effect of the laser pulses, whereas the effect is

instead seen as incomplete spikes in the melt pool size and maximum temperature.
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Figure 3.2: The maximum temperature (a) and the fraction of liquid phase (b) at different mesh sizes during a simulated

laser marking.

Some parameters are relatively uncertain during laser marking and can vary substantially [4]. The
laser spot size for example can vary significantly and even change during operation as the

equipment heats. The absorption of the laser is also an uncertainty as it depends on the material,
but also on how the surface develops during processing. Oxides on the surface could for example

have a different laser absorption than the base material. Therefore, the model is run with varying
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laser absorptions and laser spot sizes, to first and foremost validate the model with the correct
parameters against experiments. Additionally, these simulations can be used in combination with

the experimental data to determine if a steady state is reached within the simulated timeframe.
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Figure 3.3: Simulated (a) fraction of liquid phase as a function of time and (b) the maximum temperature. Simulations are performed at different absorption coefficients
and laser spot sizes.
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Figure 3.3 shows how the phase fraction of liquid metal and the maximum temperature develops
during simulation of 20 ms, with different laser absorptions and laser spot sizes. On Figure 3.3a, it
is obvious that the determining factor for liquid phase fraction and thereby melt pool size is the
laser absorption, as a higher absorption can drastically change the amount of liquid present during
laser marking. A steady state in liquid phase fraction is reached quite early for low absorptions of
0.2 and 0.4, while for the highest absorption of 0.6, steady state is not reached during the
simulated timeframe. There is no significant effect from the laser spot radius. The maximum
temperature shown on Figure 3.3b is also largely dependent on the laser absorption, but the laser
spot radius has a significant effect as well. It is seen that the maximum temperature is approached
after the first laser pulse and does not appear to increase with time. It should be noted that the
sampling interval of the simulation is not small enough to distinguish the temperature development
during a single laser pulse. Therefore, there can be maximum temperature development from

pulse to pulse.
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Figure 3.4: Simulated cross-section of the melt pool during laser marking, compared to a micrograph of the cross-section

of a laser marked sample of AISI 304L. A red line has been added to one visible melt pool to guide the reader.

A cross-section of the simulated melt pool is shown in Figure 3.4 up against the melt pool in a laser
marked sample of AISI 304L. The simulated melt pool is performed with the parameters n = 0.2
and R = 30 um, is captured in the middle of the last simulated laser pulse and is a good fit with the
experimental melt pool geometry and size. With these parameters validated we can confirm from

Figure 3.3 that steady state is reached within the simulated timeframe. It also confirms that the
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assumptions taken in the model are correct. If the Marangoni effect was not negligible and shear
flows were present, a wider melt pool and different melt pool morphology should have been
observed. Assuming higher temperatures than what is simulated in Figure 3.3, it is possible that
evaporation of material can have happened but is appears that the volume of evaporated material

would then be low enough that the model can still be validated.

The melt pool itself is relatively shallow of just 5 pm in maximum depth, but there is a significant
volume of material at an increased temperature. Temperatures of > 1000°C are reached almost 40
pm into the material, meaning that a relatively deep HAZ can form. It is furthermore discovered that
the cooling rate is significantly higher from the bottom of the heated zone than from the surface.
This is attributed to the bulk of the part acting as a heat sink, whereas conduction within the

material is much faster than convection to the ambient air.

The validated model is run with a smaller sampling interval to resolve the temperature
development during single pulses. It is clear from the temperature that a constant melt pool is
present. Very high temperatures are reached at the end of each laser pulse, but cooling also takes
place extremely fast. The material which was melted during laser marking should solidify with small

grains given the fast cooling.
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Figure 3.5: The maximum temperature in the workpiece during laser marking, as simulated with the validated model.

9.6.Conclusions

The validation and formulation of a finite element model of the pulsed nanosecond laser marking

process allowed the following conclusions to be met:

- The accuracy of the model is sufficient to simulate the thermal field of laser marked steel to
a degree where validation is possible.

- Although there is a possibility that flow and evaporation takes place in the melt pool, these
effects appear to be negligible as was assumed when constructing the model.

- It can be concluded that a steady state was reached in the model, and as the experimental
specimen was cut in the middle, after a sufficient length of laser track, the model was
validated at a steady state.

- Deviation from the reality can be expected as a coarser mesh was chosen out of necessity,

meaning that the melt pool size is likely slightly exaggerated.
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