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RESUMO

A manufatura aditiva € um conjunto de técnicas inovadoras que permitem, por exemplo, a fabri-
cacdo de pecas metdlicas com alta precisdo e geometrias complexas. No entanto, a maioria dos
produtos metélicos fabricados por essas técnicas emprega apenas um metal ou liga metélica. A
obtencdo de juntas metélicas dissimilares por técnicas de manufatura aditiva € um campo que
estd comegando a ser explorado para a fabricagdo de pecas multimateriais, com gradientes de
propriedades e funcionalidade para varios tipos de aplicacdes. Um dos obstdculos € a incom-
patibilidade entre elementos metalicos usados na fabricacdo dessas pecas devida a formacdo de
fases frageis na interface, enfraquecendo a regiao da junta ou mesmo impedindo sua fabricagdo.
Este trabalho estuda o processo de formacdo de ligas na superficie por laser para modificar
a superficie de titanio comercialmente puro (Ti) com cromo (Cr), molibdénio (Mo) e Cr-Mo,
usando Mo como material intermedidrio e obtendo uma junta Ti-Cr dissimilar por manufatura
aditiva. Obtiveram-se corddes individuais de fusao superficial com adi¢do de Mo e Cr sobre o
Ti para a determinagdo dos parametros ideias para a producdo de revestimentos continuos de
ambos os elementos. Variou-se a poténcia do laser de 150 a 450 W, mantendo-se a velocidade
de varredura constante de 10 mm/s, uma distancia da superficie da peca ao ponto focal do laser
de 2 mm, correspondendo a um feixe com diametro de 254 pm, e uma altura de camada de
0,25 mm. A partir dos resultados dos corddes individuais de fusdo superficial, determinaram-se
as condicdes para a obtenc¢do de uma e duas camadas continuas pela sobreposicdo de 50% da
largura dos corddes individuais, tanto para um revestimento de Cr quanto para um revestimento
de Mo. Ao final, obtiveram-se a modificacdo superficial do titdnio com a aplica¢do de uma
camada de Mo e uma camada de Cr. Observaram-se, nos cordoes individuais, o modo de con-
ducao para menores poténcias do laser e a transicao para o modo keyhole com maior quantidade
de poros para as maiores poténcias. A dilui¢do aumentou com o aumento da poténcia do laser.
Os corddes individuais modificados com Cr obtidos com baixa poténcia e os revestimentos com
Cr apresentaram trincas, evidenciando a incompatibilidade entre o Ti e o Cr, enquanto a mod-
ificacdo superficial com Mo ndo apresentou trincas. A modificagdo superficial com camada
continua de Mo e Cr ndo apresentou as trincas, indicando que o uso do Mo pode viabilizar a

obtencdo de uma junta soldada entre Ti e Cr por manufatura aditiva.

Palavras—chave: Modificacdo superficial, Titanio, Cromo, Molibdénio, Manufatura aditiva



ABSTRACT

Additive manufacturing is a set of innovative techniques that allow, for example, manufacturing
metal parts with high precision and complex geometries. However, most metal products these
techniques manufacture use only one metal or metal alloy. Obtaining dissimilar metallic joints
by additive manufacturing techniques is a field that is beginning to be explored for the manufac-
ture of multi-compounds parts, with gradients of properties and functionality for various types
of applications. One of the obstacles is the incompatibility between metallic elements used in
manufacturing these parts due to the formation of brittle phases at the interface, weakening the
joint region or even preventing its manufacture. This work uses laser surface alloying to modify
the surface of commercially pure titanium (Ti) with chromium (Cr), molybdenum (Mo), and
Cr-Mo, using Mo as intermediate material and obtaining a dissimilar Ti-Cr joint by additive
manufacturing. Individual surface fusion strands were obtained with the addition of Mo and Cr
on Ti to determine the optimal parameters for producing continuous coatings of both elements.
The laser power was varied from 150 W to 450 W, with a constant scanning speed of 10 mm/s,
a distance from the workpiece surface to the laser focal point of 2 mm, corresponding to a beam
diameter of 254 pm, and a layer height of 0.25 mm. From the results of the individual strands
of surface fusion, the conditions for obtaining one and two continuous layers were determined
by overlapping 50% of the width of the individual strands for both a Cr coating and a Mo coat-
ing. Ultimately, titanium’s surface modification was achieved by applying one Mo and one Cr
layer. Conduction mode was observed in the individual strands for lower laser powers and tran-
sitioned to keyhole mode with more pores for the higher powers. The dilution increased with
increasing laser power. The individual strands modified with Cr were obtained at low power,
and the coatings with Cr showed cracks, evidencing the incompatibility between Ti and Cr. In
contrast, the surface modification with Mo did not show cracks. The surface modification with
a continuous layer of Mo and Cr did not present cracks, indicating that using Mo can make it

feasible to obtain a welded joint between Ti and Cr by additive manufacturing.

Keywords: Surface Modification, Titanium, Chromium, Molybdenum, Additive Manufactur-

ing.
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1 INTRODUCTION

Titanium (Ti) and its alloys are known to be some of the best engineering materials due to
their excellent properties, including a high strength-to-weight ratio, which make them ideal for
a wide range of applications (VEIGA et al., 2012). To combine the advantageous mechanical
and metallurgical properties of Ti with the availability or affordability of other alloys, there is
a growing interest in modify Ti alloys with different super alloys (SZYMLEK, 2008) with high
chromium (Cr) content as a common element, such as Inconel and Cobalt Chromium alloy,
which also exhibit dissimilarity(SHANG et al., 2020).

Unfortunately, the traditional titanium-chromium dissimilar joint has not been technically
effective. Due to a metallurgical incompatibility between them, they generate intermetallic
compounds like aTiCr, and TiCr, which embrittle the surface and end up causing a collapse at
the interface due to residual stress and excessive deformation generation(VOORT et al., 2004).

Many authors have carried out studies to make viable by employing different techniques
such as thermal fusion welding, friction stir welding, diffusion welding (GIRI ezt al., 2022),
and other techniques that are grouped within additive manufacturing, such as Direct Laser De-
position, Friction Stir Layer, Laser Welding, etc(REICHARDT et al., 2021). The researchers
searched for the right metal or alloy to use as intermediates to eliminate or alleviate the influence
of intermetallic compounds at the interface, often based on binary phase diagrams(VOORT et
al., 2004) and aided by software simulation (ANDERSSON et al., 2002), to get a sense of the
outcome.

Surface modification on titanium is usually applied to change one or more of its most
common properties: biocompatibility (CHOUIRFA et al., 2019), osseointegration(JOHN et al.,
2016), corrosion resistance (SASIKUMAR et al., 2019), and tribological resistance (KAUR et
al., 2019). However, surface modification is rarely seen to improve compatibility with other
elements such as polymers (MOLITOR et al., 2001), ceramics (CAIl et al., 2001), or even
metals such as superalloys. The compatibility of Ti with other metals, whether pure or alloys
(KAYSSER, 2001), 1s affected by the formation of intermetallic compounds, which change the
physical and chemical properties of the substrate.

The formation of intermetallic compounds at the interface between dissimilar metals can

significantly reduce the mechanical properties and reliability of the surface modification (PED-
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DIRAJU et al., 2020). One of the proposed solutions to avoid or minimize this issue is the
use of intermediates that are compatible with both metals (substrate and dissimilar metal). In
the case of joining titanium and chromium, the intermediates need to be compatible with both
materials to avoid the formation of unwanted intermetallic compounds(LEE et al., 2010).

To identify suitable intermediates for this research, the researchers consulted (LEVA,
2016; CARVALHO et al., 2018; LI et al., 2017) phase diagrams (VOORT et al., 2004) and
previous research on the topic (LI ef al., 2017). Phase diagrams provide important information
on the behaviour of metals and their alloys at different temperatures and compositions. Based
on this information, several candidates were proposed to carry out the research, taking into
account their compatibility with both titanium and chromium(LI et al., 2017).

Based on these investigations and the aforementioned phase diagrams, we proceeded to
find metals that were compatible with Ti and Cr. Molybdenum (Mo)(LEVA, 2016) were found
to be candidate for a first surface modification, avoiding the formation of intermetallic com-
pounds between Ti and Cr by additive manufacturing. Using equipment own-design(LEVA,
2016), which allows the additive manufacturing powder bed fusion technique to be reproduced,
an initial study of the compatibility between the metals was carried out, manufacturing single
laser track at different laser powers, thus finding the compositions of the interfaces and prelim-

inary results that allow us to report positive results in the viability of this joint.

1.1 Motivation and contribution

Materials science and engineering lies in the creation of novel materials with tailored
properties to meet specific industrial needs. Recently, researchers have been particularly inter-
ested in dissimilar joints and multi-material alloy fabrication (REICHARDT et al., 2021). These
research areas have enormous potential for creating innovative solutions in industries such as
aerospace and biomedical, where the demand for advanced materials with superior performance
is constantly increasing.

The path of investigation of the dissimilar joint between Ti and Cr may also generate in-
teresting data on the behavior of Ti in the presence of Cr treated by laser, varying the manufac-
turing power of the single laser track, obtaining also data on the dilution capacity of chromium
in titanium and the direct dependence of this on the formation of the fusion zone. Additionally,
previous results have shown that chromium concentration influences fractures and porosity in

joints as it increases.
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The study of the interface modification and dissimilar joint between Ti and Cr using Mo
as an intermediate opens the door to generate new research in the union of dissimilar compo-
nents and functional graded materials, such as the case of joining Ti with super alloys such
as Inconel or GRX-810 (SMITH et al., 2023) and Cobalt-Chromium, which is important in the
nuclear, aerospace and medical industry, presenting a high content of Cr and Ni, which generate
intermetallic compounds that embrittle the joint with Ti (CORIGLIANO; CRUPI, 2021). In the
future, however, it may be possible to manufacture a wider range of study parts as test bodies by
using intermediaries that are compatible with each other, allowing the joint’s mechanical fea-
sibility to be validated, as well as having multi-material parts and functional graded materials.
In the same way, it is intended to contribute to additive manufacturing, relevant information for

the manufacture of multicomponent parts, and indirectly, elements with gradient functionality.

1.2 Objectives

The main objective of this work is to obtain a laser surface modification between titanium
and chromium using molybdenum as an intermediate material, using a own-design equipment to
reproduce as many parameters as possible from the additive manufacturing powder bed fusion
technique. Mechanical properties characterization will be carried out, including Vickers hard-
ness and Young’s modulus, in addition to X-ray diffraction and electron microscopy analysis to
understand the microstructure characteristics.

To achieve this objective, the following strategy was employed:

(1) Single laser track of chromium and molybdenum powders were fabricated individually in

Ti substrate, by varying the laser power available, taking into account previous data.

(i) A sample with simple coating were fabricated to analyse the interface between the tita-

nium sheets and each element separately (chromium and molybdenum).

(ii1)) Dual layer coating were fabricated to validate the interfaces and the variation of element

concentration (chromium and molybdenum).

(iv) Based on these results, a laser surface alloying was made by initially using a layer of

molybdenum and finally a layer of chromium.

As partial objectives, we can highlight: i) Evaluation of the compatibility between tita-

nium and chromium at different laser powers. 1i) Validation of the functionality of the own-
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design equipment to reproduce the conditions generated in additive manufacturing. iii) Mi-
crostructural validation of the interface between titanium and the molybdenum-chromium mix-
ture. 1v) Evaluation of the concentration, and fusion zone dependence concerning on laser

power.
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2 THEORICAL PRINCIPLES

This chapter will summarize the principles on which the choice of Mo as an intermediate
for the interface modification on Ti-Cr dissimilar joint is based; and other principles that were

representative of the work.

2.1 Titanium and additive manufacturing

As the fourth most abundant metal in the earth’s crust after aluminum, iron, and magne-
sium, titanium, located in period 4 and group IV, weighs 47.9 g/mol and has an atomic number
22, it is used in a wide variety of industries today, including aerospace, chemistry, sports, and
biomedicine. It is found mainly in the minerals anatase, brookite, perovskite, rutile and tatanite.
Having an incomplete 3d orbital, it enables titanium to form substitutional solid solutions with
elements that present a difference in atomic size of approximately 20% (LIU et al., 2004).

Furthermore, titanium is highly resistant to corrosion in aggressive environments, includ-
ing organic acids, chlorine gas, and alkaline derivatives of these chemicals such as sodium
hypochlorite; the oxide film that forms on its surface protects it from reacting with these com-
pounds (DONACHIE, 2000).

In addition, Ti have become increasingly popular in the field of additive manufacturing
due to their exceptional strength-to-weight ratio, corrosion resistance, and biocompatibility. The
flexibility and precision of additive manufacturing techniques allow for the creation of complex
geometries and customized designs that are difficult or impossible to achieve through traditional
manufacturing methods (ZHANG et al., 2018).

Additive manufacturing techniques as selective laser melting (SLM) and Powder bed fu-
sion (PBF), have been particularly successful in the production of titanium components with
high accuracy and density. These techniques involve the melting of titanium powder layer by
layer, which allows for precise control over the shape, size, and orientation of the final product
(ZHANG et al., 2018).

The use of titanium in additive manufacturing has already led to significant advancements
in various industries, including aerospace, automotive, medical, and sports equipment. For ex-
ample, aerospace companies are using additive manufacturing to produce lightweight titanium

components for jet engines and other critical aircraft parts (LI et al., 2017; SMITH et al., 2023).
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Medical device manufacturers are also using additive manufacturing to produce customized im-
plants and prosthetics that are biocompatible and can be tailored to each patient’s unique needs
(AGAPOVICHEYV et al., 2018).

Despite the numerous advantages of using titanium in additive manufacturing, challenges
still exist in terms of material cost, process repeatability, and compatibility with other metals

and alloys.

2.2 Compatibility between Ti and Cr

In recent years, there has been an increasing interest within the scientific community in
studying the compatibility between titanium alloys and Cobalt-Chromium-based, and superal-
loys. These superalloys are commonly used in biomedical applications, such as dental implants
and joint replacements, due to their excellent mechanical properties, corrosion resistance, and
biocompatibility.

Another alloy that shows little or no compatibility with titanium is the Nickel-Chromium-
based superalloys (SMITH et al., 2023; ONUIKE; BANDYOPADHYAY, 2018; SHANG et
al., 2020), where the two main elements of this alloy are nickel and chromium, the latter of
which is of interest for this work. Research on the compatibility of these two alloys shows
results where there is delamination (ONUIKE; BANDYOPADHYAY, 2018), fracture, and low
strength in the interface zone, due to the formation of intermetallic compounds with nickel
and chromium, such as aTiCr, (KURODA et al., 2016) and STiCr, (MOHAN et al., 2021;
ONUIKE; BANDYOPADHYAY, 2018). These intermetallic compounds, in combination with
others, generate residual stresses that ultimately lead to material failure.

The figure 2.1 illustrates the phase diagram between titanium and chromium, showing
intermetallic compounds forming in the entire concentration region.

The titanium-chromium system is a binary system that exhibits various intermetallic
phases. The phase diagram of the system shows the different phases that can form as a function
of temperature and composition. At low temperatures, the system is primarily composed of the
HCP (hexagonal close-packed) alpha phase of titanium and the BCC (body-centered cubic) beta
phase of chromium (MURRAY, 1981a).

As the temperature increases, the alpha phase of titanium transforms into the BCC beta
phase, and the beta phase of chromium transforms into the FCC (face-centered cubic) gamma

phase. At high temperatures, the system is primarily composed of the beta phase of both tita-
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Figure 2.1 — Phase diagram Ti and Cr (MURRAY, 1981a).

nium and chromium (MURRAY, 1981a).

At certain compositions and temperatures, intermetallic compounds can form in the titanium-
chromium system. The most notable of these compounds are the TiCr and TiCr, phases, which
have been found to form in the system at specific compositions and temperatures. These phases
can have a significant impact on the properties of materials that are composed of these two ele-

ments, including their mechanical properties, corrosion resistance, and biocompatibility (FOX

et al., 2008).

2.3 Tiand Mo system

The equilibrium phase diagram of the Ti-Mo binary system is depicted in Figure 2.2.

This phase diagram belongs to the isomorphic type, and at low temperatures, it exhibits
three well defined regions: 1) a narrow « phase stability field for extremely low Mo contents;
2) a stability field of the mixture of o and 3 phases, which has a smaller range of compositions;
3) the stability field of the /5 phase for high Mo contents. With the increase in temperature,
the o and a + [ fields diminish in size, while the 3 field expands. Above 882 °C, the [ phase
becomes the only stable phase, and Mo displays complete solubility in the § phase across the

entire range of compositions. The onset temperatures of solid/liquid transformations increase as
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Figure 2.2 — Phase diagram Ti and Mo (MURRAY, 1981b).

the Mo content increases. The smallest value is 1670 °C, which is the melting point of titanium,

and the maximum value is reached at 2625 °C, the melting point of Mo (MURRAY, 1981b).

2.4 Compatibility Mo and Cr

Another important phase diagram for the selection of Mo as an intermediate material is
shown in Figure 2.3. This molybdenum-chromium system shows that these two elements form
a solid solution with a body-centred cubic (BCC) structure at all weight percentages (VOORT
et al., 2004), without any intermetallic compounds.

However, there is a concentration gap in the phase diagram below 880 °C, which means
that there can be non-combination of the two elements in certain concentrations and temper-
atures. This concentration gap is because a low diffusion rates involved, which affects the
solubility and can lead to phase separation. Overall, the phase diagram of the Mo-Cr system
indicates a high potential for compatibility as an intermediate material in dissimilar joints with
titanium, as both elements exhibit a BCC structure and complete solid solubility (VENKATRA-
MAN; NEUMANN, 1987).

Unfortunately, the elemental system of Chromium and Molybdenum has not been exten-

sively studied in the context of additive manufacturing. However, both elements have been
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Figure 2.3 — Phase diagram Cr and Mo (VENKATRAMAN; NEUMANN, 1987).

widely used in the production of various alloys, where Chromium has been found to signifi-
cantly improve the corrosion resistance and hardness of the resulting material, while Molybde-
num enhances the strength and high-temperature performance. Therefore, despite the lack of
studies specifically targeting the elemental system of Cr-Mo, their properties and behaviours in
alloys can still provide useful insights for the development of dissimilar joints, surface modifi-

cations and other related applications.

2.5 Multiple reflections phenomena

The absorption behavior of laser radiation emitted by powdered materials differs from that
of solid materials since, although metals have high reflectivity indices, they are more efficient
when the energy received by the laser emission is absorbed.

This phenomenon, known as multiple reflections (KHAN; DICKENS, 2012) and is showed
in Figure 2.4; consists of the fact that a fraction of the incident radiation encounters the upper
surface of the dust particles, where part of it is reflected from the dust layer while the remaining
portion gets absorbed. Simultaneously, another amount of incident radiation reaches the inner
region of the dust, where it undergoes partial absorption and partial reflection back into the dust

layer. Consequently, due to these successive reflections, the laser radiation can penetrate deep
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Figure 2.4 — Radiation absorption in powder bed (KHAN; DICKENS, 2012).

into the dust layer, surpassing the average diameter of the dust particles. This phenomenon
entails multiple reflections as the radiation interacts with particles within the inner region of
the pre-deposited powder layer, persisting until complete absorption is achieved (GUSAROQOV,
2020).

2.6 Fusion zone shape

The phenomenon of multiple reflections presented in section (REF) makes the energy
emitted by the laser reaches the substrate and allows the fusion of the latter. During the fusion
of both elements, powder, and substrate, a fusion well is produced where both components
are mixed; depending on the amount of energy provided to the system, the formation of the
fusion zone is different. In the case of this research, three appearances of the fusion zone were
observed, U-formation, conduction, and keyhole. The following briefly describes each of the

formations observed throughout the work.

2.6.1 Fusion zone U-shape

One of the variations of the fusion zone shape is the formation of a "U" in the laser-treated
material; this formation is due to a phenomenon called splashing (ZAGADE et al., 2021), where
the centrifugal flows of Marangoni (KHAIRALLAH et al., 2016) make the material to be ex-
pelled to the sides of the fusion zone thus leaving a "U" formation; This shape of the fusion zone
occurs at low laser powers, also causing that when the material is fused in the powder layer, it
remains agglomerated and does not allow the correct distribution in the fusion zone (XU et al.,

2014).
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2.6.2 Conduction shape

The shape of the so-called conductive fusion zone is desired for the realization of dis-
similar joints by additive manufacturing as well as for other processes such as laser surface
modification; Because it generates a uniform fusion zone and an approximately continuous sur-
face, it has advantages such as high process stability, decrease in defects such as pores and
fractures due to minimized immediate vaporization of the materials and finally a good depth of
penetration into either the previous layer or the substrate; an example of this shape in the fusion

zone can be seen in the Figure 2.5 where Panwisawas et al. (2017) studied the differents fusion

Kevhole
hY
\-\

zone shapes.

|

Figure 2.5 — Fusion zone shapes examples, conductive (a) and keyhole (b) (PANWISAWAS et
al., 2017).

2.6.3 Keyhole

The keyhole shape shown in Figure 2.5 is employed in laser additive manufacturing or
processes where a high ratio of depth to width of the weld bead is desired. In this case, the high
energy density provided by the laser is sufficient to vaporize the processed material and form
plasma intensely. This process creates a cavity in the melt pool in the shape of a keyhole. The
plasma formed above the surface of the processed material is called plume plasma, while the
plasma formed in the keyhole cavity is called keyhole plasma (KIM et al., 1995).

The keyhole shape’s main challenge is the process’s relative instability and the possi-
ble formation of porosity, which is generated by the collapse of the vapour cavity formed by
metal vaporization. The stability of the keyhole depends on the balance between surface tension
pressure and vapour pressure: surface tension pressure tends to close the keyhole. In contrast,
vapour pressure tends to keep it open. Also, The keyhole mode is characterized by high pene-

tration depth and high laser radiation absorption efficiency (PANWISAWAS et al., 2017).
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3 EXPERIMENTAL DETAILS

Detailed information is provided below on the techniques and procedures to identify the
processed parts’ characteristics and behaviour for this research. Figure 3.1 shows a general

summary of the experimental process used to carry out this research.

| Chromium powder | Titanium substrate | | Molybdenum powder
| Single Track II II Single Track |
| Simple coating | | Dual layer coating | Simple coating | | Dual layer coating

Laser surface alloying
with Cr and Mo

Figure 3.1 — Overview of experimental procedure.

3.1 Analysis of raw materials

In addition to the analysis of the Cr and Mo powders and the Ti substrate detailed in
the following sections, a particle size analysis was carried out to determine the grain size of
the powders mentioned above. To determine the particle size, a Laser Diffraction Analysis
was performed in the Mastersizer-3000 equipment of the manufacturer Malvern Instruments,
model MAZ3000 at the Laboratory of Biomass Characterization, Analytical, and Calibration
Resources - LRAC. This analysis consists of making a suspension of the powder of interest
utilizing compressed air and measuring the volume density by the laser’s diffraction when it

enters the sample.

3.2 Laser and own-design equipment

To carry out all the necessary tests for the study of the compatibility between the elements,

substrate Ti with Mo and Ti with Cr, equipment of the company MBraun was used, which
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consists of several elements as shown in figure 3.2 (a), among them a glovebox chamber that
allows the control of the atmospheric composition. Due to the interference of the oxygen in the
environment with the final result of the titanium laser treatment (LI ef al., 2005), the atmosphere
is controlled with a positive pressure of Argon, purified by the absorption of oxygen by a filter

bed that allows having an inert and controlled atmosphere.

Ti substrate
Cr powder

Powder Bed Fusion
Equipment

4

Figure 3.2 — Laser and environment controller, glovebox MBraun (a) and own-designed powder
bed fusion equipment (b).

For the use of the elements to be used in the tests, there are two gloves that allow the
manipulation inside the chamber. Inside the glovebox, there is a CNC table that allows the
movement of the piece to be treated with the laser in the X-axis and Y-axis, this movement is
controlled by the Match3 software that facilitates the movement that was used for the manufac-
ture of individual single laser tracks, and single and double layers. There is also a fixed laser

head, where the focal distance can be manipulated.

Table 3.1 — Used materials reflection coefficient (STEEN; MAZUMDER, 2010).

Coefficient of reflection

Material (at 1,06 ;im)
Chromium 0,519
Molybdenum 0,689
Titanium 0,629

The laser used is a Ytterbium Fiber laser (IPG Photonics, model YLR) with a maximum
power of 500 W and emitting at a wavelength of 1.06 ym. Table 3.1 shows the reflection
coefficient parameters for each element to be used.

Inside the equipment described above, there is a own-designed instrument, which, with a

micrometer, allows to modulate of the height of a cylinder, allowing to regulate, at the discretion
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of the researcher, of the thickness of each layer of powder to be treated with laser on a particular
substrate, in this case, a titanium plate, the equipment can be see in Figure 3.3 and the result of

process can be seen in Figure 3.2 (b).

Figure 3.3 — Own design equipment installed inside of glovebox.

3.3 Single laser tracks and coating fabrication of both systems

Initially, pieces of the original plates were cut 50 mm long, where they had machined
recesses, 1.5 cm wide and 0.25 mm deep, that depth was selected from , on the surface of
the Ti plate; the depth was selected from previous works((CARVALHO et al., 2018; LEVA,
2016; FOGAGNOLO et al., 2013; FOGAGNOLO et al., 2016). Subsequently, the sheets were
sanded with Si-C paper (1200 mesh particle size) and subjected to ultrasonic cleaning in a
95% ethyl alcohol solution (LEVA, 2016). Next, the recesses in the sheet were filled entirely
and carefully with Cr and Mo powder in separate pieces to avoid contamination. Figure 3.4
illustrates the procedure used to fabricate the single laser track. Finally, the samples were
prepared for metallography following the ASTM normtivity (TESTING; (FILADELFIA, 2009).

To perform metallography, we cut the plate perpendicular to the direction of laser beam
displacement using a diamond disk. Afterwards, we embedded the plate in hot curing resin and
manually ground it using SiC-based sandpaper with a mesh from 100 mesh to 1200 mesh. We
then polished the samples in two steps. First, we used a 3 ym cloth and 9, 6, and 3 pm diamond

paste. Then, we polished the pieces with a 0.5 pm silica suspension solution in the VibroMesh.

3.3.1 Coating manufacturing strategy

To manufacture the individual coating for each of the Ti-Cr and Ti-Mo systems, a im-

plementation using GCode was developed, which is used by the Match3 software mentioned
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Figure 3.4 — Ti substrate filled with Mo before laser treatment (a) and single laser track 300 W
and 450 W (b) after modification.

in section 3.2 to coordinate the movement of the CNC. Figure 3.5 (a) graphically shows the
sequence in which the laser was used to make the coating with a single layer. Subsequently,
for the surface modification with two layers, the sequence shown in Figure 3.5 (b) is used, and
this change in the sequence corresponds to the strategy to simulate the conditions in which the

sample could be made in an automatic additive manufacturing equipment.

(a) 0.2 mm (b) 10 mm
—>

[
>

l 0.2 mm

il
1) |

Il

A

10 mm

Figure 3.5 — Graphical secuence to one layer (a) and second layer (b) used by CNC from
Match3.

3.4 Characterization techniques

For the characterization of the samples, we used the following techniques.
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3.4.1 Optical and scanning electron microscopy (SEM)

The microstructural characterization of the Ti plates and the metallography were per-
formed using optical microscopy. For this, a reflected light optical microscope from Carl Zeiss,
Axio Scope model was used. The microstructure present in the fusion zone of the Ti-Cr and
Ti-Mo alloys single laser tracks and coatings were analyzed by scanning electron microscopy
in the backscattered (BSE electron mode. For this, a Carl Zeiss EVO-MA15 microscope was

used, with BSE and secondary electron detectors, presented in the Figure 3.6.

Figure 3.6 — Scanning electron microscope (SEM) Carl Zeiss EVO-MALS5.

The qualitative morphological characterization of the Cr and Mo powders was also per-
formed by scanning electron microscopy, but in the secondary electron mode. For this purpose,
small amounts of the powders were adhered to a conductive carbon tape. The advantage of
using backscattered electrons is that the intensity of the signal depends on the atomic number
of the material (chemical contrast (MARENZI et al., 2019). Because of this, it was possible to

obtain information about the distribution of the alloying element in the fusion zone.

3.4.2 Energy Dispersive X-ray Spectrometry (EDS)

In addition to the analysis by BSE mode, the SEM has an X-max detector from Oxford
Instruments, which allows Energy Dispersive X-Ray Spectrometry (EDS) analysis, which helps

to obtain qualitative and quantitative results of the sample in question (JOY et al., 1986), thus
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allowing to have the idea of the distribution of the elements in the fusion zone, in addition, to
quantify these elements even in minimal points and to identify with certainty and indirectly the

phases that may be present in the sample.

3.4.3 X-Ray Diffraction (XRD)

X-ray diffractograms were performed on the Ti substrate (LEVA, 2016) and analogously
on the Cr and Mo powders to have certainty of the crystalline phases present in the raw materi-
als. Additionally, we performed X-ray diffractograms on the surface to identify the crystalline
phases present in the sample initially manufactured with a Mo layer and subsequently modified
on the surface by depositing an additional layer of Cr. Then, we removed approximately a 50
pm layer of the sample and conducted a new XRD analysis. For this purpose, we used a Pan-
alytical X pert PRO diffractometer with a Cu anode and a PIXcel ultra-fast detector. We led
the measurements with a voltage of 40 kV and a current of 30 mA. To prepare for analysis, we

lightly polished the surface to eliminate the majority of surface roughness.

3.4.4 Mechanical tests

Finally, to get an idea of some of the mechanical properties obtained by the addition of Mo
and Cr on the surface of the Ti substrate, microhardness and instrumented indentation analyses
were performed to obtain hardness and Young’s modulus values on both the sample and the

individual Ti-Cr and Ti-Mo coatings to compare the variation between the layers.

3.4.4.1 Microhardness

The Vickers Hardness of the Ti substrate and that of the Ti-Cr and Ti-Mo systems was
determined using the indentation method. Additionally, the Vickers Hardness of the Ti surface
with two modifications was evaluated: an initial Mo layer followed by a second layer of Cr over
Mo. The Future Tech Vickers Hardness tester, model FV-800, was employed for this purpose.
The diamond penetrator has a square-based pyramidal geometry with a 136° angle between the
opposite faces. Before indentation, the samples were carefully polished following the guidelines
outlined in ASTM E384-16 (TESTING; MATERIALS, 2017). Each indentation was repeated
15 times, applying a load of 4.9 N (0.5 Kgf) and maintaining the pressure for 15 seconds per

indentation. Finally, the average hardness and standard deviation were calculated based on the
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results obtained from the 15 indentations. The Vicker Hardness tester can be seen in Figure 3.7

(b).

(b)

Figure 3.7 — CSM indentation instrument NHT1 (a) and Vickers harndess tester FV-800 (b).

3.4.4.2 Instrumented indentation

CSM model NHT1 instrumented indentation equipment was used to determine hardness
and modulus of elasticity from the surface to the inside of the part, with a Berkovick-type
diamond indenter operated with a load of 400 mN for the 30s.The hardness and modulus of
elasticity were determined using Oliver and Pharr’s method, considering Poisson’s coefficient
value of 0.3. This analysis was conducted to assess the mechanical behaviour of the resulting
modification. Five measurements were made varying the depth from the surface; for this pur-
pose, a transversal cut was made to the piece, and it was embedded in resin to be later submitted
to metallography following the parameters and indications of the ASTM E3-01 (TESTING;
(FILADELFIA, 2009) standard. Five indentations were made varying the depth measured from
the surface, starting at 25 pum and advancing 50 ym towards the substrate; at these depths, five
indentations were made horizontally with an approximate separation of 50 ym to have an av-
erage value and a standard deviation. In Figure 3.7, you can see the equipment used since the

surface to be analyzed is relatively tiny to use micro indentation.
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4 RESULTS AND DISCUSSION

The titanium plates (Cp) used in this work were obtained from the research carried out by
Leva (2016) in the laser materials processing laboratory, so the results of the analysis of the raw

material of the titanium plates have been included and referenced.

4.1 Raw Materials

In addition to the titanium plates (Cp), fine chromium and molybdenum powders were
used, coming from the companies Alfa Aesar and ThermoFisher Scientific. A rectangular shape
Ti-CP sheet with a 10 cm side was used as a substrate provided by Titanio Brasil. X-ray flu-
orescence (XRF) was used by Leva (2016), to measure the purity of the titanium sheets; the
results indicated that the titanium sheets had over 99% purity. The certificates of analysis of

these powders can also provide the percentage of purity, and could be appreciated on the table

4.1.

Table 4.1 — Purity of raw materials, titanium data from Leva (2016)

. Purity according . XRF Purity
Material to supplier (%) Supplier (%)
Titanium plates 99.9 Titanium Brasil 99.5
Cr powder 99.0 Alfa Aesar -
Mo powder 99.95 ThermoFisher -

4.1.1 Titanium sheets

The figure 4.1 shows the microstructure of the Ti substrate used in the experiment. Grain
equiaxed and macules were present on the substrate. As can be seen in the optical microscopy
image, the substrate was mechanically deformed and then heat-treated to recrystallize and grow

grains. Image taken by Leva (2016).
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Figure 4.1 — Ti (Cp) substrate microstructure, via optical microscopy.

In addition to optical microscopy, Figure 4.2 shown the X-ray diffraction analysis is ob-
tained, where a concordance of the peaks with the crystallographic record of titanium is ob-

served (WYCKOFF, 1963), having as reference a compact hexagonal microstructure, charac-

teristic of titanium.
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Figure 4.2 — X-Ray Diffraction from Ti substrate compared with COD 900 -8517 pattern.
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4.1.2 Chromium and molybdenum powders

Figure 4.3 shows Scanning Electron Microscopy (SEM) in secondary electron scanning
mode, images of the Cr (a) and Mo (b) powders, both showing an irregular morphology, also

suggesting that Mo particles have agglomerated together.

o Signal A= SE1 EHT=20.00kv 40 pum 6 Mo Signal A = SE1 EHT = 20.00 kV 10 ym Q
r
icAP i

Mag= 600X WD = 12.05 mm Mag= 3.50KX WD=12.12mm

Figure 4.3 — SEM images Cr (a) and Mo (b) powders, Secondary Electron Scanning mode.

Figure 4.4 shows the particle size distribution of Cr and Mo powders obtained by the laser
diffraction technique. From the comparative analysis of these results, it was concluded that the

particles of Cr powder showed a narrower particle size distribution than that of Mo powder.
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Figure 4.4 — Particle distribution size Cr (a) and Mo (b) powders.

However, the average particle size of Cr is larger than that of Mo. The Dy 1, Dy 5, and Dy o

values of the Cr and Mo powders are shown in Table 4.2.

Table 4.2 — Dy 1, Dy 5, and Dy ¢ Particle distribution size by laser diffraction test.

. Do: Dos Doy
Material ’ ’ ’

(pm)  (pm)  (pm)

Cr powder 15.03 30.63 51.43

Mo powder 3.05 693 21.83
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Finally, just like the Ti substrate used in this work, the Cr and Mo powders were sub-
jected to an XRD analysis to determine the similarity between the crystalline phases in each of
the powders. Figure 4.5 shows the obtained diffractogram for the Cr sample (a) and Mo (b),
contrasting the most relevant peaks. We can observe that both exhibit a correspondence with
their crystallographic card JCPDS 42-1120 to Mo (SCHREINER, 1989; LEVA, 2016). Simi-
larly, Cr can be compared to the crystallographic card COD 500-0220 (SWANSON et al., 1953;
BUSCAIL et al., 2004).
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Figure 4.5 — XRD from Cr (a) and Mo (b) powders.

As a first step toward evaluating the compatibility between elements, tests were carried
out on a pair of tracks, in this case, Cr single laser track was manufactured on the Ti substrate
and likewise Mo on Ti; varying the laser power. An overview of the results of these tests,
comparing them with each other, is presented, giving an understanding of the changes resulting
from a change in element type. This work reaches Cr with Mo on a Ti sheet.

In addition, Figure 4.6 summarizes the single laser tracks carried out by varying the laser
power between 150 W and 450 W, keeping the following parameters constants in all tests: CNC
speed at 10 mm/s, laser diameter 0.2 mm and layer thickness at 0.25 mm, for the two systems,

followed by the analysis of Ti-Cr and Ti-Mo for each laser power used.
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4.2 Ti-Cr, and Ti-Mo 150 W single laser track.

Figure 4.7 shows a comparison between Cr and Mo single laser tracks, showing a differ-
ence in the shape resulting from the laser treatment at 150 W power; for Cr, a conduction form
is noticed as a result of the low power input (150 W), which makes the fusion zone small, and
little amount of Ti is affected by it. n the case of Mo, the low power results in lack of fusion due
its hight fusion temperature, that is approximately 1000°C higher than that of Ti (MURRAY,
1981b), which finally makes Mo dont fuse completelly.

Signal A= NTS BSD EHT =20.00 kV 200 pm ﬂ B Sigral & = NTS BSD EHT = 2000 kW 200 pum @_
Ti- Cr15ow Mag= 150X wo=881mm FH— Mag= 150X WO = 9.65 mm — =4

UNICAE

Figure 4.7 — Ti-Cr (a) single laser track, compared with Ti-Mo (b) at 150 W laser power.

As shown in Figure 4.7 (a), the two elements have no differentiable phases, and it ap-
pears to be a homogeneous solution. However, a closer examination reveals variations in the
microstructure along the single laser track. Figure 4.8 (a) illustrates this. A fusion zone exhibits

microsegregation, along with a uniform area.

Signal A= NTS BSD EHT =20.00 kV 20 ym 6 Signal A= NTS BSD EHT =20.00 kV 10 um Q

Ti-Crisow Mag= 1.00KX WD=8.74mm b oA T-ierasow; Mag= 2.50KX WD=8.78 mm
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Figure 4.8 — SEM microsstructures observed in Ti-Cr single laser track using 150 W of laser
power.
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In the case of Mo (Figure 4.7 (b)), as reported in the literature ((LEVA, 2016; MOHAN
et al., 2021; KURODA et al., 2016)), the formation of the 5-Ti phase can be observed, with Mo

being a stabilizer of this stable phase.

Table 4.3 — Width and depth of the Ti-Cr and Ti-Mo fusion zones using 150 W of laser power.

Sample Width Depth
150 W (pm)  (um)
Ti-Cr 425 109
Ti-Mo 354 89

Comparing both fusion zones, Table 4.3 shows that the fusion zone is slightly more pro-
found for Cr than the one generated in the Ti-Mo single laser track. This is because the melting
temperature of Cr is close to that of Ti, causing more of the substrate to be melted and generat-
ing a greater depth in the melting zone. However, in addition to the depth, we also see that the
width in both samples is similar, only differing in the formation after laser treatment.

Mapping by Energy Dispersive X-Ray Spectroscopy (EDS), as seen in Figure 4.9, we
know the distribution of the elements along the single laser track for Cr, where Ti is observed
in yellow (b) and Cr in cyan (c). Furthermore, from the image, it can be noticed that has a Cr
accumulation at the sides of the fusion zone, where the microstructure observed in Figure 4.8
(b) is of uniform appearance, an absence of Ti, according to Khairallah et al. (2016), this due to

the Marangoni flows convection.

Signal A= NTS BSD EHT =20.00 kv
Mag= 300X WD =13.86 mm

Ti- Cr 150W

Figure 4.9 — EDS map analysis of TI-Cr single laser track 150 W of laser power. Ti (b) yellow,
and Cr (c) cyan.
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Figure 4.10 — EDS map analysis of TI-Mo single laser track 150 W laser power.Ti (b) yellow,
and Mo (c) green.

On the other hand, in Figure 4.10, we see the distribution of the elements in single laser
track for Ti-Mo, as with Cr, Ti appears yellow (b), and on the other hand, Mo is green (c). The
area in the absence of Ti is an unmelted particles of Mo due to the low power applied in this
test. However, Boley et al. (2015) mentions the effect of absorption by multiple reflections; in

this case, it is insufficient to generate a uniform distribution of Mo in Ti.

Spectrum Ti Cr
S Spectrum 1 100 0
focecoun Spectrum 2 100 0
IS pectrum 3 Spectrum 3 19.5 80.5
Ao Spectrum 4 17.9 82.1
o Spectrum 5 10.1 89.9

Figure 4.11 — EDS point analysis of TI-Cr single laser track 150 W laser power. Values in
weight percent.

In addition to the EDS mapping, several point analyses of the concentration of each ele-
ment in the corresponding single laser track were performed, yielding the results presented in
Figure 4.11 for Cr and Figure 4.12 for Mo.

A change in Ti composition is not observed throughout the sample, this is because a

homogeneous mixture is generated between the elements during the application of the laser
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power. All values are in percent/weight.
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Figure 4.12 — EDS point analysis of Ti-Mo single laser track 150 W laser power. Values in
weight percent.

In the same way as in Figure 4.11 for Cr, in the case of Mo (Figure 4.12), the exact
change in concentration is observed. However, the difference in concentration is a higher than
compared with Ti-Cr. Taking into account the melting point of Cr (1863°C) and Mo (2623°C)
(STEEN; MAZUMDER, 2010); Mo needs a higher amount of energy (in this case from the
laser) to reach its melting point, which means that a smaller amount of Mo is mixed with the
molten substrate and generates a lower concentration of Mo in the fusion zone and, in addition,

unmolten particles of Mo.

42.1 Ti-Cr 150 W crack in the interface.

Finally, Figure 4.13 shows the image of the fracture at the interface between Ti substrate
and fusion zone, having dendritic-like microstructures extending close to the fracture surface.
Complete separation and analysis of the fracture surface could help to verify the phases that
comprise the fracture since, according to Thomas et al. (2020), several phases can be present
in the mixture between Ti and Cr, all with different properties, especially the intermetallic

compound TiCr, which has a higher Vickers hardness than its other faces.
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Figure 4.13 — SEM crack image in the interface between Ti-Cr fusion zone and Ti substrate.
Secondary electron mode (a) and BSE mode (b).

4.3 Ti-Cr, and Ti-Mo 200 W single laser track.

As for the test in section 4.2, two single laser tracks were manufactured using 200 W
power, one with Ti-Cr and the other with Ti-Mo, both analyzed by SEM in BSE mode to have a
better visualization of the distribution of the fusion zones on the Ti substrate, then in the Figure

4.14 is shown a comparison between the single laser track, made with a of 200 W laser power.

Ti-Cr 200W Signal A = NTS BSD EHT =20.00 kV 100 uym Q Tillo 2000 Signal A= NTS BSD EHT =20.00 kV 100 um Q
wer Mag= 200X wp=9.47mm FH— s Mo Mag= 200X wo=9.47mm F— b

Figure 4.14 — Ti-Cr (a) single laser track, compared with Ti-Mo (b) at 200 W laser power.

In Figure 4.14, Cr, and Mo single laser tracks are compared to show the differences in
fusion zone caused by laser treatment at 200 W. For Cr, a form of conductivity results from
increasing the laser power, observing the apparent compatibility between the two elements. On
the other hand, for the Mo single laser track, a U-shape is obtained in the fusion zone, con-
trasting with the literature (KIM et al., 1995; LEVA, 2016). As power increased, the maximum

temperature reached in the fusion zone increased, and the back pressure increased as alloying
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elements and substrates vaporized (SEMAK; MATSUNAWA, 1997). Back pressure pushes the
fusion zone liquid downward, causing the fluid to escape through the sides, a process known as

liquid expulsion, leaving a U-shaped fusion zone (DRAPER; EWING, 1984).

Table 4.4 — Width and depth of the Ti-Cr and Ti-Mo fusion zones using 200 W of laser power.

Sample Width Depth
200W  (pm)  (pm)
Ti-Cr 616 144
Ti-Mo 595 241

In the Ti-Cr system, Figure 4.14 (a) does not show an apparent differentiation of the
phases; even with a closer approach, no evident changes in microstructure are observed. On
the other hand, in Figure 4.14 (b), it can be seen that, as in Figure 4.7 (b), despite the increase
in laser power, it shows Mo unfused particles in the fusion zone; the rise in laser power was
insufficient for the complete fusion of Mo and mixing of Ti with Mo. However, it was enough

to change the format of the fusion zone.

Ti-Cr 200W Signal A= NTS BSD EHT = 20.00 kV 100 uym ﬁ
e Mag= 200X WD = .47 mm

UNICAMP

Figure 4.15 — EDS map analysis of TI-Cr single laser track 200 W laser power. Ti (b) yellow,
and Cr (c) cyan.

Measuring the width and depth of the fusion zone can be observed in Table 4.4, an increase
in both parameters for each element; also having a particular case in which the fusion zone of the
Ti-Mo single laser track, where the increase in depth was approximately three times compared
to the depth presented in Table 4.3. The above agrees with the postulated by (BOLEY er al.,

2015), making Mo more efficient at the time of absorption of the energy produced by the laser,
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increasing the efficiency of heat transfer to the substrate, and resulting in the U-shape and
increase in the depth of the fusion zone, as mentioned above.

Based on EDS mapping, as shown in Figure 4.15, where Ti is showed in yellow (b), and
Cr is visible in cyan (c), the fusion zone has a concentration of Cr at the right side due to the
phenomenon of liquid expulsion (SEMAK; MATSUNAWA, 1997).

In the same manner as for Cr, mapping by EDS, as seen in Figure 4.16, we know the
distribution of the elements along the single laser track for Cr, where Ti is observed in yellow

(b) and Mo in green (c).

Signai A = NTS BSD EHT =20.00 kV 100 pm
Mag= 200X WD =9.47 mm

Ti-Mo 200W

Figure 4.16 — EDS map analysis of TI-Mo single laser track 200 W laser power. Ti (b) yellow,
and Mo (c) green.

The increase in power generated a better distribution of Mo along the fusion zone; a
difference can be observed between the U-shaped surface and the interface on the left side
of the fusion zone. However, it also presents an unmelted particles of Mo on the right side,
demonstrating that the energy provided by the laser was not enough to generate a complete mix
between Ti and Mo. In addition, as mentioned above (SEMAK; MATSUNAWA, 1997), back
pressure pushes the fusion zone liquid downward, causing the fluid to escape through the sides,
a process known as liquid expulsion, leaving both sides of the fusion zone more concentrated
in Mo.

In the same way, as in the 150 W laser power single laser track, a EDS point analysis was
performed along the fusion zone to have an idea of the distribution of the elements along it; they
are presented in Figure 4.17 for Cr and finally for Mo in Figure 4.18.

From Figure 4.17, we can observe that there is an apparent homogeneous distribution
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Spectrum Ti Cr
Spectrum 2 100 0

2 Spectrum 3 100 0

Spectrum 3

Spectrum 2 Spectrum 4 41.5 58.6
Spectrum 5 41.1 58.9
Spectrum 6 41.1 58.9

Figure 4.17 — EDS point analysis of Ti-Cr single laser track 200 W laser power. Values in
weight percent.

along the melting zone, regardless of the accumulation of chromium at one end; we can also
note that there are no significant changes in the concentration of the elements as one approach
from the bottom of the melting zone towards the surface, as observed in Figure 4.11. The

increase in power allows a better distribution of Cr on the Ti sheet.

Spectrum Ti Mo
Specctrum 1 100 0

Spectrum 2 53.6 46.4
Spcctrum 3 72.0 28.0
Spectrum 4 69.8 30.2
Spcetrum 35 70.4 29.6
Spectrum 6 62.1 379

Figure 4.18 — EDS point analysis of Ti-Mo single laser track 200 W laser power. Values in
weight percent.

On the other hand, in Figure 4.18, we can observe a distribution that varies along the
fusion zone, having Mo unmelted particles by lack laser power in some sectors; those zones
where a bright colouration is observed indicate high concentration of Mo, those zones present
an absence of Ti in its composition and microstructure.

Comparing the concentrations along the fusion zone, Figure 4.18 and spectrum 5 of Figure
4.12, we can observe that, as well as the 150 W single laser track, Cr has a higher distribution

along the fusion zone than the concentration of Mo found in the sample, due to the reflectivity
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of Mo, more Ti substrate is melted, and there is a more significant dilution of Mo in the fusion
zone. On the other hand, the fusion temperatures of Ti and Cr being very close (MURRAY,
1981a) allows the formation of a homogeneous solution and may have a better mixing between

them.

4.4 Ti-Cr, and Ti-Mo 300 W single laser track.

As for the previous laser powers (150 W and 200 W), SEM analysis was performed in
BSE mode to observe the shape and distribution of the elements in the test body; Mo reflects
electrons more intensely than Ti due to its higher atomic mass. Figure 4.19 compares Cr and
Mo single laser tracks, showing a similarity in shape resulting from the laser treatment at 300

W laser power.

Signal A= NTS BSD EHT =20.00 kV 200 um a Signal A =NTS BSD EHT = 20.00 kV 200 um o
= Ti-Mo 300W
Mag= 150X WD =8.81 mm fhors v Mag= 150X WD =9.05 mm e

Ti- Cr300W

Figure 4.19 — Ti-Cr (a) single laser track, compared with Ti-Mo (b) at 300 W laser power.

According to information provided by Kim er al. (1995), the form presented for both
laser treatments is a transition between conduction and keyhole shape, making the fusion zone
deeper for every single laser track. In the case of Mo (Figure 4.19 (b)), pores are generated
at the bottom of the fusion zone, caused by the evaporation of small amounts of substrate. In

addition, small Mo unmelted particles are observed at the top of the fusion zone.

Table 4.5 — Width and depth of the Ti-Cr and Ti-Mo fusion zones using 300 W of laser power.

Sample Width Depth
300W  (pm)  (um)
Ti-Cr 1323 684
Ti-Mo 1308 867
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Making a comparison in the measurement of the parameters of width and depth of the
fusion zone of both single laser tracks, we can find in Table 4.5 that in both cases, the width is
similar, having a slight difference between them, 200 m; however, when comparing the depth,
we find that there is a considerable difference between them, being the depth of the Ti-Mo
system greater than that presented by Ti-Cr, this due to the phenomenon of multiple reflections
by Mo (BOLEY et al., 2015), because it has a higher reflectivity coefficient than chrome, this

phenomenon also explained in Section 4.2.

Signal A = NTS BSD EHT=20.00 kV 200 um
Mag= 150X WD =8.81 mm

Ti- Cr300W

Figure 4.20 — EDS map analysis of TI-Cr single laser track 300 W laser power. Ti (b) yellow,
and Cr (c) cyan.

Based on EDS mapping, as shown in Figure 4.20, we know that Ti is observed in yellow
(b), and Cr is visible in cyan (c). Unlike the previous powers (150 W and 200 W) presented in
sections 4.2 and 4.3, in this case, the distribution of Ti and Cr in the fusion zone is homoge-
neous; in addition to the formation of the fusion zone, no apparent changes are observed in the
microstructure and distribution of the elements along it. The increase of the power up to 300 W
allows better absorption of the energy emitted by the laser. However, the keyhole fusion zone
shape (KIM et al., 1995) is not optimal for surface treatment since it provides the element that
makes this modification penetrate more into the substrate, changing the expected properties and
leaving a high concentration of substrate on the surface of the fusion zone.

In Figure 4.21, we can observe the EDS map analysis when we can see the distribution of
Mo in the Ti substrate using a laser power of 300 W.

It 1s detailed that in the upper zone of the fusion zone, there are spaces in which Mo

unmelted particles is presented, especially in the upper left site and in the center of the fusion
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Signal A= NTS BSD EHT =20.00 kV 200 um

Ti-Mo 300W Mag= 150X WD = 9.05 mm

Figure 4.21 — EDS map analysis of TI-Mo single laser track 300 W laser power. Ti (b) yellow,
and Mo (c) green.

zone where the laser performed the treatment. We also observe that when comparing Figure
4.20 (b) with Figure 4.21 (b), Ti has a significant concentration in the fusion zone where the

substrate was treated with Mo.

Spectrum Ti Cr

Spectrum Ti Cr
Spectrum 1 100 0

Spectrum 35 66.9 33.1
Spectrum 2 100 0

Spectrum 6 66.3 337
Spectrum 3 77.0 230

Spectrum 7 66.0 34.0
Spectrum 4 64.4 35.6

Figure 4.22 — EDS point analysis of Ti-Cr single laser track 300 W laser power. Values in
weight percent.

Besides performing EDS analysis in mapping mode, we also conducted a point EDS
analysis for the Ti-Cr single laser track, depicted in Figure 4.22. We measured from the substrate
to the surface of the fusion zone. We can see that at the bottom of the fusion zone, and the Cr
concentration is lower (spectrum 3, Figure 4.22), there is also a significant change between
Spectrum 3 and 4. However, above Spectrum 4, there is no considerable change in the ratio and
concentration of both elements. Also, we can notice a decrease in Cr concentration concerning
the spectra presented in Figure 4.11 for the Ti-Cr system treated with a laser power of 150 W
and in Figure 4.17 for the same system treated with a higher power (200 W).

The Ti-Mo system (Figure 4.23) has a similar behavior to the Ti-Cr system (Figure 4.22),
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Figure 4.23 — EDS point analysis of Ti-Mo single laser track 300 W laser power. Values in
weight percent.

where there is a variation between the bottom of the fusion zone and the surface of the area
treated with the laser. The multiple reflection phenomenon makes the fusion zone deeper due to
the high absorption of energy coming from the laser, compared to the Ti-Cr system; where we
can observe, compared to the information obtained for other laser powers, 150 W (see Figure
4.12) and 200 W (see Figure 4.18), that the Mo dilution in the fusion zone increased for the

surface treatment with 300 W laser power.

4.4.1 Ti-Cr 300 W interface microstructure between fusion zone and substrate

Approaching the interface between Ti and Cr, as shown in Figure 4.24, a microsegregation
of the Ti-Cr mixture towards the Ti substrate can be observed. These microstructures may
have been derived from the cooling process at the interface, which could have generated these
structures of the present phases for these Cr compositions in Ti.

According to the literature, this may be due to the presence of two phases, a-Ti and -
Ti(Cr). We found no significant differences or distinguishable phases in the Ti-Mo single laser

track regarding interface broadening.
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Figure 4.24 — Ti-Cr 300 W interface between fusion zone and substrate.

4.5 Ti-Cr, and Ti-Mo 450 W single laser track.
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Finally, a single laser track was manufactured where the laser power was increased to 450

W. After manufacturing the part, the metallography necessary to carry out an analysis by SEM

in BSE mode was performed; the result is shown below in Figure 4.25 for the Ti-Cr system (a)

and Ti-Mo (b).

Signal A= NTS BSD EHT =20.00 kV 200 m Q Signal A = NTS BSD EHT =20.00 kV 200 um o

Ti-icrasow Mag= 120X  WD=9.47mm Ti-Mo 450W Mag= 120X  WD=9.05mm s

Figure 4.25 — SEM analysis in BSE mode from Ti-Cr (a) and Ti-Mo (b) Fusion zones.

In Figure 4.25 (a), where the Ti-Cr system is shown, the formation of porosities in the

lower part of the fusion zone can be appreciated, in addition to a precise shape in Keyhole due

to the high power used for the elaboration of this single laser track. In the same way, the Ti-

Mo (Figure 4.25 (b)) system presents the shape; it also intuited a high dilution of Mo in the
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Ti substrate because although Mo has a higher molecular mass and in the analysis by BSE, it
should be differentiated in the piece concerning Ti, we see a slight differentiation between both
elements. But, unfortunately, it isn’t easy to distinguish them.

Table 4.6 shows the dimensions of the fusion zone of each of the systems, having a simi-

larity between both fusion zones.

Table 4.6 — Width and depth of the Ti-Cr and Ti-Mo fusion zones using 450 W of laser power.

Sample Width Depth
450W  (pm)  (pm)
Ti-Cr 1708 1136
Ti-Mo 1653 1198

Both the width and depth increased with the increase of the laser power. However, in the
case of Ti-Cr, the depth had a more significant increase compared to the rise in the depth by
the Ti-Mo system, concerning the data in Table 4.5, where the power used was 300 W. In the
same way, as for the previous powers, an EDS analysis was performed in map mode to see the
distribution of the elements in the piece.

In Figure 4.26, this distribution can be seen for the Ti-Cr system, where a greater intensity
of Ti (yellow, Figure 4.26 (b)) can be seen, which indicates a higher dilution of this in the fusion
zone, as can be seen in Figure 4.26 (c), Cr (cyan) where a complete distribution can be seen in
the fusion zone. Unlike other powers, there is no considerable concentration of Cr along the

fusion zone, nor the evidence of phenomena present for lower powers.

Signal A= NTS BSD EHT=20.00 kV 200 pym
Mag= 120X WD =9.47 mm

Ti- Cr450w

Figure 4.26 — EDS map analysis of TI-Cr single laser track 450 W laser power. Ti (b) yellow,
and Cr (c) cyan.

Figure 4.27 shows, on the other hand, the EDS map analysis of the Ti-Mo system. The Ti
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shown in yellow (Figure 4.27 (b)) presents a uniform distribution along the fusion zone; from
the intensity of the color, it can be intuited that it has a high concentration along the area affected
by the laser treatment. In the same way, it can be seen in Figure 4.27 (c) that Mo (green) has
a more uniform distribution along the single laser track, compared to the images of previous
powers. In addition to the color intensity for this power is lower, which may indicate a lower

concentration of Mo in this test.

Signal A= NTS BSD EHT =20.00 kV 200 um o
Mag= 120X WD =9.05 mm

Ti-Mo 450W

Figure 4.27 — EDS map analysis of TI-Mo single laser track 450 W laser power. Ti (b) yellow,
and Mo (c) green.

Finally, in order to guarantee a complete evaluation of the concentration of the elements
in the single laser track, an EDS point analysis was performed to obtain a quantitative value of
the distribution of Ti, Cr, and Mo along the fusion zone. Initially, it is shown in Figure 4.28
that Cr presents a uniform distribution along the fusion zone, also obtaining an increase in the
value of Cr as it approaches the surface of the single laser track; an approximate increase of 15
% in weight percentage can be appreciated from this analysis. Additionally, a decrease in Cr
concentration for that obtained with the immediately preceding power (Figure 4.22, 300 W) of

approximately 50% is observed.



Figure 4.28 — EDS point analysis of Ti-Cr single laser track 450 W laser power.
weight percent.
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Spectrum Ti Cr Spectrum Ti Cr

Spectrum 2 100 0 Spectrum 6 80.5 19.5

Spectrum 3 88.6 11.4 Spectrum 7 80.7 19.3

Spectrum 4 86.2 13.8 Spectrum 8 79.3 20.7

Spectrum 5 85.1 14.9 Spectrum 9 74.9 25.1
Values in

On the other hand, for the Ti-Mo system there is a greater dilution of Mo in the fusion

zone, as is presented in Figure 4.29; we can see on average, a concentration of approximately

6%, this in contrast with the perceived color intensity in Figure 4.23, where a considerable in-

crease of the Mo diffusion in the Ti substrate is seen (Figure 4.27).

ISpectrum 7|

85 pectrum 5

Spectrum 4|

IS pectrum 1

Spectrum Ti Mo
Spectrum | 100 0
Spectrum 2 100 0
Spectrum 3 95.3 47
Spectrum 4 95.3 4.7
Spectrum 5 95.0 5.0

Spectrum Ti Mo
Spectrum 6 93.5 6.5
Spectrum 7 93.9 6.1
Spectrum 8 94.7 53
Spectrum 9 94.1 5.9

Figure 4.29 — EDS point analysis of Ti-Mo single laser track 450 W laser power. Values in

weight percent.

Figure 4.30 shows a close-up of the single laser track interface fabricated with 450 W

laser power from the Ti-Cr system, where no detailed microstructures or different phases are

observed.
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Figure 4.30 — Ti-Cr 450 W interface between substrate and fusion zone.

4.6 Concentration, width and depth fusion zone dependence on laser power

By elaborating a graphical summary of the results obtained in the single laser tracks fabri-
cated at different laser powers, Figure 4.31 and Figure 4.31, compares the measurements made
for the width and depth of the fusion zone for each of the single laser tracks fabricated and
analysed in the previous sections. For the width, comparing each of the elements, we have in
Figure 4.31 a similarity in the measurements between Mo (green) and Cr (blue), even having
differences in the formation of the fusion zone, a similar increase is maintained for each of these

as the laser power is increased.
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Figure 4.31 — Comparison between Cr and Mo width fusion zone width concerning power vari-
ation (W).
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As in Figure 4.31 (a), in Figure 4.32 (b) the depth of the fusion zone is compared, finding
that in this case, the depths present for the Cr single laser track are less than for Mo, and like
the width, there is also an increase in the measurement as the laser power is increased. Taking
into account what was explained above about the effect of multiple reflections (LEVA, 2016;
BOLEY et al., 2015), we can also say that this phenomenon inside in the measurement of the
depth of the fusion zone, having a better transmission of energy between Mo to Ti substrate than
from Cr to Ti substrate; generating more fusion of the Ti substrate and making deeper the fusion
zone. Therefore, a greater depth is observed comparing the single laser track of Mo (green) and

Cr (blue).
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Figure 4.32 — Comparison between Cr and Mo fusion zone depth concerning power variation
(W).

At the same way for width and depth, Figure 4.33 shows the variation of the average Cr
and Mo concentrations in the fusion zone concerning the power variation. the data in Figure
4.33 is an average of the concentrations obtained in the EDS point analysis.

Analyzing each of the elements, we have that for Cr (blue), the decrease in the concen-
tration of this element found in the fusion zone descends abruptly from the power 150 W to
300 W, and between the last two powers (300 W, 450 W). However, the increase in power is
50%, and the decrease in concentration is lower in percentage. On the other hand, Mo (green)
presents a higher dilution in the Ti substrate, making it concentration lower for each of the
points compared to the Cr concentrations.

A comparison between the points in Figure 4.33 for each element, we have that Cr, for

each of the powers, has a higher concentration in the fusion zone concerning the data obtained
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for Mo. According to Leva (2016) and Boley et al. (2015), as mentioned previously in Section
4.2, although the elements have a high reflectivity coefficient, the effect of multiple reflections
causes this high reflectivity to be transformed into a more remarkable ability to absorb laser
energy by the Ti substrate, because the angle of reflectivity and the shape of the each of the
powders, makes it more likely to enter a neighboring particle and the laser energy transfer is
more effective within the same material; until finally reaching the substrate, causing, in turn, a
deeper fusion zone and high dilution in Mo concentration than Cr; since Ti has a lower reflec-

tivity coefficient, it will therefore absorb more energy from laser in Ti-Mo system.
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Figure 4.33 — Comparison between Cr and Mo concentrations (weight percent) concerning
power variation (W).

4.7 Ti-Cr and Ti-Mo coatings

In addition, to performing the single laser track for each of the materials, two additional
tests were performed to verify the compatibility between the two elements in their respective
systems: Ti-Cr and Ti-Mo. First, coatings were performed with the use of the laser in a con-
tinuous way, following a constant path of approximately 10 mm in the X axis and then in the
Y axis of 0.2 mm, thus tracing a consistent approach that finally allowed to have a coating of
approximately 10 mm by 5 mm. For both systems, it was performed for one layer and two
layers, at the same power of 300 W, this power was chosen due to the results of the single laser

track for Mo in particular.
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4.7.1 One layer coating

For these tests, the own-designed equipment was used to fabricate one layer of each ele-
ment on their respective Ti substrate using 0.25 mm thickness of each powder; Figure 3.2 (b)
show the pre-placed powder on the substrate; they were then laser treated at 300 W power.

Figure 4.34 shows SEM images in BSE mode for each system.

Signal A= NTS BSD EHT =20.00 kv 50 um
Mag= 500X WD =8.03 mm

Signal A= NTS BSD EHT=20.00 kv~ 50 pm

Ti-Mo 300W &
i-fo Mag= 500X WD = 10.46 mm

Ti- Cr 300W

Figure 4.34 — Ti-Cr (a) and Ti-Mo (b) systems coating Ti substrate. Laser power 300 W.

The Ti-Mo system presented in Figure 4.34 (b) shows an appreciable separation between
the distances of the beginning and midpoint of the fusion zone, indicating an overlap between
the laser tracks that allows a constant coating along the sample (CARVALHO et al., 2018;
LEVA, 2016). In the same way, a brighter can be observed for compositions richer in Mo,
as well as the existence of microstructures of the Mo coating, which contains dendrites in the
fusion zones and micro-segregation in the interface zone.

On the other hand, we can observe the Ti-Cr system in Figure 4.34 (a), where, contrary to
the Ti-Mo system, it does not present apparent differentiation in the microstructure; however,
it can be appreciated that it has fracture that is along of the coating. In the same way, there is
differentiation between the laser tracks, and assuming a homogeneous solution formation at the
time of fusion.

Similarly to analyzing the single laser track, we used EDS mapping better to understand
the surface element distribution in the samples. For example, Figure 4.35 shows the distribution
for Ti (yellow) (b) and Cr (cyan) (c), where it can be observed that Cr does not present mi-
crosegregation towards the substrate and that there is a homogeneous mixture between Ti and
Cr (a) and Cr (b).

Figure 4.36 shows the EDS map of the Ti-Mo system, which was coated using a laser
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Signal A= NTS BSD EHT=20.00 kv 100 jim
Mag= 400X WD=7.91mm

Figure 4.35 — EDS map Ti-Cr coating, Ti (yellow) (b) and Cr (cyan) (c)

power of 300 W and a layer thickness of 0.25 mm. Similar to the Ti-Cr system, the EDS map

demonstrates good integration of Mo in Ti with the color intensity.

Figure 4.36 — EDS map Ti-Mo coating, Ti (yellow) (b) and Mo (green) (c)

In addition to generating an EDS map, we conducted a EDS point analysis along the
test bodies to understand the distribution of each element across the fusion zone. Figure 4.37
displays the concentration of Cr and Ti, which shows the distribution from the substrate to the
sample’s surface.

As in the section 4.4, we can observe in Figure 4.37 a uniform distribution along the area
between the interface and the surface of the sample. Moreover, comparing the results with those
obtained in the Figure 4.22, we observe no significant changes in the concentration of Cr in the

fusion zone that was approximately 35% weight percent in Cr in both cases.
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Spectrum 5 61.1 38.9

Figure 4.37 — EDS point analysis from Ti-Cr coating sample.
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On the other hand, in Figure 4.38, we observe an increase in the concentration of Mo in

the fusion zone (29%), which higher that the concentration obtained in the single laser track

manufactured and analyzed in the Section 4.4 that was approximately 9%.We presume that

such an increase may be due to the overlap of the laser pass fusion zones, causing an increase

in absorption laser energy by Mo and the unfused particles that we observed in the Figure 4.21

fusion zone, were melted and distributed along the coating.
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Spectrum 1 100 0
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Spectrum 3 100 0
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Figure 4.38 — EDS point analysis from Ti-Mo coating sample.

4.7.2 Dual layer Ti-Cr and Ti-Mo coating

Finally, we used our own-design equipment to separately fabricate two test specimens

treated with laser in the same way as in section 4.7.1. However, an additional layer of the

same material was added, changing the direction the laser travels for the second layer. We

automatically programmed the movement in the Y-axis and then in the X-axis to simulate the

laser movement when used in PBF additive manufacturing equipment. Figure 4.39 displays the

results for both 2-layer coating systems presented through BSE mode SEM analysis.
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Figure 4.39 — SEM images from dual layer test Ti-Cr (a) and Ti-Mo (b) systems.

The results of the SEM analysis in the BSE mode of the worked systems show a semi-
uniform distribution for both. In Figure 4.39 (a), for the Ti-Cr system, a differentiation between
the two layers of added Cr is observed; also, the formation of porosity at the bottom of the first
layer, near the interface, possibly because during the process, metal powder is vaporized using
a laser; then is rapidly solidified, and it can become trapped within the solidifying metal and
cause porosity.

In the same way as the Ti-Cr system, Figure 4.39 (b) also shows a difference in layer
intensity, indicating a higher concentration of one of the elements for the lower layer. However,
unlike Ti-Cr, Ti-Mo does not exhibit porosity in the area observed in the SEM analysis and
presents a better distribution of Mo in the coating. To better understand the element distribution,
we conducted an EDS analysis in mapping mode to verify it.

The EDS analysis in SEM was used to obtain the Ti (yellow), and Cr (cyan) element map,
as shown in Figure 4.40. The color intensity variation is observed in each layer of the laser
surface treatment. The layer with porosity has a lower amount of Cr and a moderate amount of
Ti. As we move up to the second layer, the intensity of both elements changes, increasing for Cr
and decreasing for Ti. We performed a EDS point analysis to obtain a quantitative distribution
of these elements, and the result is shown in Figure 4.42.

As with the Ti-Cr system, Figure 4.41 shows the distribution of the Ti (yellow) and Mo
(green) elements used to fabricate the two-layer Mo coating. Compared with Figure 4.40 of the
Ti-Cr system, a better dispersion of the components can be observed throughout the coating,
and a better distribution of the layers along the substrate surface infers a better coating. There is

also a difference in color intensity, indicating a higher concentration of Mo in the surface layer,
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Signal A= NTS BSD EHT =20.00 kv 200 um

Ti- Cr-Cr 300W Mag= 100X WD = 8.03 mm

Figure 4.40 — EDS map from Ti-Cr dual layer system.

while Ti predominates in the intermediate layer. As with the Ti-Cr system, a EDS point analysis

was performed to gain insight into the distribution of the elements.

Signal A = NTS 8SD EMT =20.00 kv 200 umt
Mag= 100X WD = 7.89 mm

Figure 4.41 — EDS map from Ti-Mo dual layer system.

Figure 4.42 shows a point analysis obtained by EDS, which confirms that there is a change
in the concentrations of Ti and Cr presented in Figure 4.40 throughout the two layers; it can be
observed that the concentration of Cr increases by almost 90% between the first and second
layers, indicating a significant separation between the two layers. On the other hand, as it
approaches the modified surface, a decrease in the concentration of Ti is observed in each layer

due to the dilution of Ti caused by the increase in Cr concentration when an additional layer is



added.
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Figure 4.42 — EDS point analysis of Ti-Cr dual layer coating. Values in weight percent.
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The EDS point analysis performed on the Ti piece coated with two layers of Mo, whose

results are presented in Figure 4.43, shows that, unlike the Ti-Cr system, we can see a constant

change in Mo concentrations along the layers. In contrast, in the Ti-Cr system, the difference

is more abrupt. Although differentiation between the two Mo layers can also be observed, the

constant increase in concentration may indicate that their properties change in a gradient form,

as presented in Leva (2016) doctoral thesis.

Spectrum 8§

Spectrum 6|

Spectrum 51
ISpectrum 4|

Spectrum 3

Spectrum 1

Figure 4.43 — EDS point analysis of Ti-Mo dual layer coating. Values in weight percent.

Spectrum Ti Mo Spectrum Ti Mo
Spectrum 1 100 0 Spectrum 5 62.1 37.9
Spectrum 2 100 0 Spectrum 6 34.8 65.2
Spectrum 3 84.5 15.5 Spectrum 7 32.8 67.2
Spectrum 4 59.4 40.6 Spectrum 8 29.4 70.6

4.8 Ti-Mo-Cr system, dissimilar joint between Ti and Cr.

Considering the data presented in the previous sections, we finally proceeded to manu-

facture the first piece, where the surface of an initial Ti substrate is modified with Mo. After

this treatment, a new layer is added by adding Cr powder to the modified Mo surface. After

manufacturing the piece, we cut that and subjected it to metallographic treatment for analysis

by SEM. The results are presented in Figure 4.44.

The test specimen, was fabricated using a laser power of 300 W for each layer and the

change of laser direction strategy was employed, as was used for the fabrication of two-layer



65

Signal A= NTS BSD EHT=20.00kV 20 um
Mag= 100KX WD=844mm  F—] o o8

Ti-o-Cr

Figure 4.44 — SEM image in BSE mode from Ti-Cr-Mo system.

samples. The pre placed powder layer thickness was maintained at 0.25 mm for each element,
and the own-designed equipment presented in Section 3.2 was used.

In Figure 4.44, we can observe the modification made on the surface of Ti, initially with
Mo and subsequently with Cr. Both layers were treated with a laser at a power of 300 W.
The difference between the microstructures along the modified surface can be noted, with mi-
crosegregation and dendritic formations being the predominant microstructures throughout the
modified zone. A closer look was taken to detail the microstructures, as shown in Figure 4.45.

Dendritic structures are observed in Figure 4.45 (b) at a magnification of 2.5K. These
structures are formed due to the rapid solidification inherent in the additive manufacturing pro-
cess (DANTZIG; RAPPAZ, 2016). Dendritic structures are brighter, as previously mentioned,
as Mo, which has a higher molecular weight than the other two elements, would have a greater
presence in these structures. However, the concentration results of these structures are presented
in Figures 4.47 and 4.48.

On the other hand, Figure 4.45 (c) shows a micro-segregation, primarily present in the
lower part of the modified zone, near the interface with the substrate. This figure corresponds
to a 6 K magnification, and it can also be seen how there is a difference between the colorations

in the sample. We performed an EDS analysis in map mode to get an idea of the distribution of
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Figure 4.45 — Original (a) and zoomed image by top (b) and down (c) side of modified zone.

the elements in this system, which can be seen in Figure 4.46.

Figure 4.46 — Original (a) and EDS map analysis to Ti (yellow) (b), Cr (cyan) (c), and Mo
(green) (d).

The distribution of elements along the coating area can be observed in map mode in
Figure 4.46, where Ti (yellow) is present throughout the entire piece but with a decrease in color
intensity as it approaches the coating surface. Conversely, Mo (green) reduces color intensity

as we move toward the substrate. Meanwhile, Cr (cyan) remains constant until the interface is
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closer to the substrate.

Initially, we performed a point analysis by EDS in the structures that present microseg-
regation which is closer to the Ti substrate; Figure 4.47 shows in spectra 1 and 3 that in the
darkest areas of this zone, there is a higher presence of Ti and Cr, while in the brightest ones as
in spectrum 2 and 4 are richer in Mo. Additionally, we can observe throughout all the spectrums
that the concentration of Ti is high, even though it is noted in spectrum 6 that the dark zone near

the interface has a considerably high Ti majority.

Spectrum Ti Cr Mo

Spectrum 1 58.7 13.2 28.1

Spectrum2  46.7 6.8 46.5

Spectrum 3 59.3 12.5 28.2

Spectrum4  54.0 8.5 37.5

Spectrum 5 533 8.5 32.2

Spectrum 6 75.5 9.0 15.5

Figure 4.47 — EDS point analysis from Figure 4.45 (c). Values in weight percent.

Finally, we performed an EDS point analysis where dendritic microstructures are pre-
dominant, closer to the modified surface area, as done previously for Figure 4.47 (c). Figure
4.48 shows an EDS point analysis from Figure 4.45 (c), where the same phenomenon can be

observed.

Spectrum Ti Cr Mo Spectrum Ti Cr Mo
Spectrum 1 46.2 4.9 48.9 Spectrum 5 56.3 17.0 26.7
Spectrum2  56.5 9.1 34.4 Spectrum 6 43.1 8.7 48.2
Spectrum 3 57.2 9.6 332 Spectrum 8 55.0 12.1 329
Spectrum 4 46.4 6.3 47.3 Spectrum 9 46.0 7.5 46.5

Figure 4.48 — EDS point analysis from Figure 4.45 (b). Values in weight percent

The brighter areas, such as in spectrum 1, 4, 6, and 9, have a high Mo composition, and
these points are situated in the center of the dendrites, confirming that Mo is the first element to

solidify due to its high melting point, leading to the growth of dendrites. On the other hand, the
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darker areas (spectra 2, 3, 5, and 8) have a high concentration of Ti, and it can be appreciated
that the Cr content concerning the weight percent values of the spectra with high Mo content
is also considerably higher. Thus, we can assure that in the solidification kinetics, Ti and Cr

elements remain in solution, which surrounds the dendrites formed by Mo.

4.8.1 XRD analysis along the sample

The piece initially manufactured with a Mo coating and subsequently with a layer of Cr,
mentioned in section 4.8, underwent an XRD analysis. The analysis began at the surface of
the sample, then, approximately 50 ym of material was removed by grinding, subtracted from
the total height of the sample. Subsequently, after performing the XRD analysis on the new
surface of the sample, another 50 pm was removed, and the XRD test was repeated. Finally,

four diffractograms were obtained, as shown in Figure 4.49.
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Figure 4.49 — Sample X-ray diffractograms from surface to 150 pm depth, each 50 pm

In Figure 4.49, a similarity can be observed in the diffractograms originating from the
sample’s interior, while the analysis performed on the surface exhibits a marked difference
compared to the others. Therefore, the diffractograms obtained at different depths were grouped
and proceeded to be indexed, resulting in the presented results shown in Figure 4.50.

For a better visualization of the identification of the peaks, the 50 ym depth diffractogram

is presented, where «-Ti is the unique phase present in the sample (SAILER; MCCARTHY,
1993).
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Figure 4.50 — Peaks identification from X-ray diffractogram 50 ;sm depth.

4.8.1.1 XRD Ti-Mo-Cr from sample surface

The diffractogram obtained from the surface of the piece with the Mo-Cr coating is pre-

sented individually in Figure 4.51.
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Figure 4.51 — Peaks identification from X-ray diffractogram sample surface.

In addition, Figure 4.51 shows the peaks identification concerning the literature, where
it is found that the diffractogram correspond to the BCC microstructure Cr-Mo solid solution

(RUDY, 1973). However, the XRD analysis carried out on the surface is displaced approx-
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imately 3° due to the presence of Ti; also, peaks correspond to Cr and Mo is presented. In
addition to the displacement, broad peaks are observed that are a consequence of roughness in
the analyzed surface.

Using the Thermo-Calc simulation software, we can observe in Figure 4.52 that this sys-
tem in equilibrium presents different phases, such as 3-Ti phase (blue). This graph also shows
that when cooling begins (liquid line in red), the 5-Ti is generated until reaching a temperature
of approximately 650°C, where the intermetallic compound Ti(Cr), (green) is generated up to
room temperature. It is also shown that at temperatures below 360°C, a phase transformation is
generated where part of the 5-Ti phase becomes a-Ti (magenta). However, at a temperature of
650°C, the system lacks kinetics to generate phase transformations, in this case, the generation
of Ti(Cr), intermetallic compound and Alpha-Ti phase, since the cooling is rapid inherent to

the nature of the technique, leaving a meta-stabilized [ phase solution.
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Figure 4.52 — Volume fraction simulation from different phases present in system Ti-Mo-Cr
(ANDERSSON et al., 2002).

4.9 Microhardness and instrumented indentation tests

Figure 4.53 shows the indentations performed for microhardness (a) on the surface of the
Ti-Mo-Cr system and for instrumented indentation (b) inside the coating.
A instrumented indentation analysis was performed on the Ti-Mo-Cr system sample, vary-

ing the distance from the surface to inside 40 pm, until an approximate depth of 200 xm, obtain-
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Figure 4.53 — Indentations of microhardness analysis (a) and instrumented indentation analysis
(b), performed on the Cr-Mo coating.

ing the results of the hardness and Young’s modulus parameters through the modified material

that can be seen in Figure 4.54.
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Figure 4.54 — Hardness (GPa) (a), and Young Modulus (GPa)(b) results from Ti-Mo-Cr sample,
from surface to substrate.

We can deduce from Figure 4.54 (a) that the hardness is higher in the zone of the material
where there is the presence of the three elements until reaching a depth of approximately 80
pm; after 120 pm, a more attenuated decrease is observed, could indicate the absence of Cr in
this part of the sample, considering that the increase in the hardness could be due to the 5-Ti
phase formed by the presence of Mo, since as it was added initially and taking into account
what was observed in Section 4.4, part of Mo insidiated in the substrate by the laser power
used, in addition to this, it is also observed a decrease in Young’s modulus (Figure 4.54 (b))

for the depths 120 pym and 160 um, compared to the substrate which would be the last point
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of both figures, this variation of the increase in hardness with the decrease in Young’s modulus

was reported by Leva (2016).

4.9.1 Hardness systems comparative

Finally, a comparison of the hardnesses obtained on the surfaces of the Ti-Cr, Ti-Mo, and
Ti-Mo-Cr systems was made, as well as a comparison with the one received by the substrate.
Figure 4.55 shows the average values of the surface hardnesses measured 15 times in random
sites of the surfaces where it was treated with laser. The parts used for these measurements were
those analyzed in Section 4.7.1, and the sample was fabricated with the presence of the three

elements, which was analyzed in Section 4.8.

Hardness (GPa)

Ti Ti-Cr Ti-Mo Ti-Mo-Cr
System

Figure 4.55 — Comparative between surface hardness.

Comparing the hardnesses on the surface concerning the substrate, we can observe that
in all cases, it is higher. The Ti-Cr system presents the highest hardness, indicating that the
increase in hardness produces embrittlement in this joint and generates the cracks presented at
the moment of joining Ti with Cr. However, if an element (Mo) with affinity to those of the
initial system (Ti and Cr) is added, the hardness decreases and improves the properties of the

joint, making a dissimilar joint viable using an intermediate element.



73

S CONCLUSIONS AND RECOMMENDATIONS

The use of own-design equipment that allows reproducing most of the conditions used

in the PBF additive manufacturing technique facilitates the use of powder of different particle

sizes as well as allows to discard the need for these powdered materials to have a spherical

particle shape that allows sliding in the process as requested by some equipment used today. It

also allows the use of a smaller amount of material, which reduces the cost of the research, in

addition to allowing changes of elements or bonds to carry out compatibility studies between

these unions using a laser. Finally, this equipment will enable us to conclude from the research

the following points:

®

(i)

(iii)

By varying the laser power for the Ti-Cr system, we can observe that phenomena such
as Marangoni convective flows occur at low laser powers, generating Cr concentration in
the corners of the surface of the fusion zone. Also, by using low laser powers such as
the 150 W single laser track, fractures are produced in the fusion zone, which indicates
fragilization, possibly by intermetallic phases generated at the interface. In the same
way, the Ti-Mo system presents an unmelted particles of Mo in the fusion zone, which
indicates insufficient energy to perform a complete fusion of the material; however, due

to the compatibility between Ti and Mo, it does not present fractures in the interface.

As the laser power increased, the shape of the fusion zone changed from a conduction
shape for the Ti-Cr system with a power of 150 W, passing through a transition-type
formation at 200 W and finally arriving at a keyhole-type shape at 450 W laser power,
which allowed excellent fusion, thus allowing greater penetration of Cr in the Ti substrate
for 300 W laser power. On the other hand, the Ti-Mo system presents a U-shape of the
fusion zone for 200 W; for 450 W laser power, a keyhole-type shape is shown, in this
case with a greater depth in the fusion zone concerning the Ti-Cr system; this is due to
the phenomenon of multiple reflections that allows a better absorption of the laser energy

by the substrate since Mo has a higher coefficient than Ti and Cr.

In addition to the above, observing the EDS analyses carried out at different laser powers;
we can see that Mo has lower concentrations in the fusion zone than Cr at all laser powers;

at the same time, it presents greater lengths in the fusion zones, which leads to conclude



(iv)

)

(vi)

51

®
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that Mo presents greater dilution in the fusion zone because a greater amount of Ti sub-
strate is melted compared to the Ti-Cr system. It is also concluded that the concentration
of the elements in the fusion zone (in this case, Cr and Mo) depends entirely on the laser
power used to perform these procedures, presenting higher concentrations for Cr than for

Mo.

The addition of a Cr layer on a Mo-modified Ti substrate surface generates a Beta meta-
stabilized ternary system, where a solid solution of Cr-Mo and B-Ti phase is presented
and where the absence of intermetallic compounds that can be formed between Ti and Cr

1s also observed.

After performing the hardness analysis for the three coatings, compared with the hardness
of the substrate, we can conclude that with the addition of elements separately, a signifi-
cant increase in hardness is obtained for the Ti-Cr system, which leads us to think that the
embrittlement of the interface produces the fractures observed in the analysis by MEV
due to the formation of the intermetallic element TiCr,. Following the above, adding Mo
as an intermediate element to carry out this surface multicomponent modification consid-
erably reduces the hardness in the layer where the three elements are present. We have
that the hardness is reduced by approximately 15%, which allows the viability of this

union by reducing the contact between Ti and Cr.

Finally, the modulus of elasticity of the fabricated part remains approximately constant
along the modified zone from the surface to the substrate, presenting a slight increase of
roughly 5% when reaching the interface with the pure substrate, thus concluding posi-
tively the feasibility of using Mo as an intermediate element to carry out a dissimilar joint

between Ti and Cr.

Suggestions and recommendations.

For future work, the following points are recommended:

It is suggested to increase the number of Mo layers added to the Ti substrate to have a
lower presence of the substrate at the interface of the junctions, avoiding the formation of

undesired phases altogether.
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(i) Also, to make a smooth transition between the elements by increasing the number of lay-
ers per additive manufacturing, thus studying the system as a material with a gradient of
functionality, starting from Ti and reaching Cr by varying the concentration of intermedi-

ate elements, in this case, Mo.

(iii) To evaluate the biocompatibility of this type of dissimilar joints through cytotoxicity and

cell proliferation, evaluating the interface between Mo and Cr.

(iv) Having Cr as the final element of the gasket, it is finally suggested to evaluate the wear

and corrosion resistance of the surface.
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