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ABSTRACT

The additive manufacturing techniques to produce metallic parts are gaining lot of interest
in different industrial fields due to several advantages mainly related to the possibility to
produce near net shape parts with unique geometries, even impossible to be manufactured
by using traditional subtractive technologies. It has been also demonstrated that this could
also lead -in some cases- to both cost reduction and manufacturing time savings. The
number of additive technologies for metals is increasing significantly and nowadays
electron beam melting, selective laser melting and binder jetting as well as fusion
deposition modelling are ready-on-the-market. Among them, techniques based on laser
melting of powdered metal are surely considered the most promising, at least in the next
few years. The industries that pushed such innovations are mainly automotive, aerospace,
medical and energy production. The scientific community attention has also raised due to
the opportunities coming from the use of this technologies. Several researches have been
proposed mainly regarding the design strategies, topological optimisation, process
parameters optimisation for tailoring mechanical properties and optimise surface
finishing. In the field of material science and technology, the researchers are mainly
focused on the process parameters optimisation to improve microstructure and density of
the parts as well as the design of heat treatments to improve mechanical properties. One
of the main topics related to the use of such innovative metallic materials is surely related
to the material qualification strategies to grant products reliability and safety. Specially
in very aggressive environments, the qualification procedures must also consider the
corrosion behaviour of the material strictly depend upon the unique microstructure.
However, the scientific literature reports only few papers regarding the corrosion
behaviour of metals produced by such a manufacturing technique, limited to few alloys
of aluminium, titanium and stainless steel.

This thesis presents the research carried out on three different alloys with increasing
corrosion resistance, such as aluminium, nickel, and titanium processed by Laser Powder
Bed Fusion (LPBF). The industrial fields of application of these alloys are very wide,
moving from automotive, aerospace, oil and gas, and biomedical, thanks to their

lightness, biocompatibility and corrosion resistance, respectively.



The studies concerned the generalized corrosion, localized corrosion and the
environmental assisted cracking comparing the results, were possible, with the tests
carried out on the commercial traditional alloys. The effects of microstructure and post
processing heat treatment on the corrosion resistance were investigated. The main goal of
this research is the corrosion behaviour but with a focus on the need to the qualification
process in order to insurance the performance of the build part.

The AISi10Mg corrosion resistance decreases with increasing temperature of the heat
treatment. The post processing heat treatments are not recommended in the case in which
high corrosion resistance is required, if the post processing stress relieve treatment must
be executed, coating or anodizing treatments should be developed in order to improve the
corrosion resistance of the alloy. For the Alloy 625, electrochemical tests confirmed there
were not differences between the 3D printed alloy in comparison with the hot worked
alloy, instead, the resistance of intergranular corrosion was higher for the LPBF alloy.
Titanium alloy showed a corrosion behaviour like the material produced via traditional
way only after mechanical polishing or acid pickling.

This thesis is composed of the introductory part containing the description of the additive
manufacturing technique, mainly highlighting the powder bed technology. The corrosion
behaviour of the alloys is discussed in three different chapters and conclusive remarks are
reported to summarise the most outstanding findings regarding the corrosion behaviour
of 3D printed alloys.
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CHAPTER

INTRODUCTION AND AIM OF THESIS

Many scientific works deal with mechanical behaviour and microstructure
characterization of 3D printed metal alloys. Many less works analyse the durability of
these materials highlighting the concept of qualification. In fact, for the traditional process
the qualification of feedstock materials is enough for guarantee the final properties of
piece but for the additive manufacturing process this idea is completely wrong due to the
strong microstructural metamorphosis during the process. The main point of the durability
concept is focused on the design and realization of standard procedure with established
parameters. The corrosion resistance of the alloys obtained by means of additive
manufacturing techniques depends on different parameters, that can be divided in surface
and microstructural effects (Table 1-1). About surface effect, the LPBF process produces
high surface roughness, emerging porosities and the phenomenon of balling, as already
presented in the previous paragraphs. In addition, the passive film protectiveness of the

corrosion resistance alloys should be considered.

Table 1-1: Parameters affecting the corrosion behaviour of LPBF alloys

Effects of the surface: Effect of microstructure:
e  Passive film: e Building direction
e As build surfaces e Not equilibrium phases
o Effect of the post processing heat o Differences in composition between
treatment (in vacuum or air) centre and edge of the melt pool
e  Chemical pickling e Changes in microstructure due to the post

processing heat treatments
Mechanical polishing
Shoot penning
Grinding

Roughness

Porosity and oxides
Un-melted powder
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The passive film, formed at high temperature and in deficit of oxygen, could be different
from that spontaneously formed in air; in addition, the post processing heat treatments
can further modify its structure and, as consequence, its corrosion resistance. Schematic

representation of the process variables effect on the macro and microstructure is shown

in Figure 1-1.
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Figure 1-1: Processing variables that can affect the corrosion behaviour.!

The data about the aluminium LPBF alloys are in contrast demonstrating the confusion
about this argument maybe due to the not comprehend effect of some printing parameters.
The most of literature works is related to the Al-Si alloys because are the typical cast
alloys. Revilla, et al study the corrosion of LPFB AISi10Mg specimens monitoring the
corrosion potential (Ecorr). the cast and LPBF show similar behaviour, with values ranging
between —0.7 Vagiagel and —0.6 Vagiagel.? Leon et al. study the weight loss of AISi10Mg
produced by LPFB immersed in a 3.5 wt% NaCl. After 45 days of immersion, the LPFB
AlSi10Mg presented slightly lower weight loss than cast AlISi10Mg.® The same author
investigated the effect of surface finish on the corrosion behaviour of the same alloy. The
corrosion rate of the polished sample was lower than the unpolished in all tests
performed.* The aerated Harrison’s solution that simulate the aggressive industrial
atmosphere with acid rain, was used to study the corrosion of LPFB AISil0Mg
highlighting the surface finishing and heat treatment effects by Cabrini, et al.>”" The

polished surface of the untreated specimen and heat treated at 300°C showed an
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improvement of a passive range during the potentiodynamic polarization. Conversely, the
specimen heat treated at 550 °C did not exhibit this improvement polishing the surface.
Furthermore, the pitting potentials also increased after the shot peening treatment.

The corrosion behaviour of LPFB produced Al-12Si was investigated using weight loss
test by Prashanth, et al. Cast and LPFB with rough surface increase the corrosion rate
increasing the heat treatment temperature.®

Limited investigations have been performed on the corrosion behaviour of AM-produced
alloys other than aluminium, iron, and titanium. In fact, no data are available for the alloy
625. Some works deals the corrosion behaviour of alloy 718 reporting an inferior
corrosion resistance — regardless the building orientation — with comparison to the
traditional ones.>®

Thanks to the corrosion resistance, high mechanical properties and biocompatibility, the
titanium alloys are most used in aerospace and biomedical fields also processed by AM
leading to a many paper that study the corrosion behaviour. The LPBF Ti6Al4V shows
high corrosion resistance in Hank’s solution if compared to the wrought alloy, regardless
the building direction.! Also the phosphate buffered solution at 37°C lead to similar
corrosion rate between LPBF and wrought alloy.’® Xu, et al. study the corrosion in
simulated body solution and they correlated the corrosion behaviour of LPBF Ti6Al4V
with the heat treatment temperature and they compared the behaviour with a traditional
wrought alloy. The heat treated LPBF alloy was less susceptible to corrosion in simulated
body solution than the untreated one. All the LPBF specimens had higher corrosion
resistance that the traditional material.'!

The aim of the thesis is to investigate the corrosion resistance of materials processed by
additive manufacturing technique through the comparison with the performance of the
traditional alloys with a similar chemical composition, studying the effect of post process
treatment. Furthermore, the thesis aims to investigate the existence of the need to
characterize the qualifying process for these materials to guarantee the final properties of
the manufactured.

In this way, the following chapters are composed of the AM technique and of an
experimental part that describes the test methodology, the presentation of the results and
their discussion. The last chapter deals with the conclusions extrapolated from the

research work carried out in this doctoral thesis.






CHAPTER

ADDITIVE MANUFACTURING PROCESS
AND MICROSTRUCTURE OF MATERIALS

2.1 Metal Additive Manufacturing technique

Additive manufacturing (AM) is an innovative technology that can build parts by
progressively adding thin layers of materials according to 3D CAD model. This technique
leads to production of complex and customized form directly from the design without
expensive machining. Furthermore, AM allows a significant reduction in the part number,
deleting the necessity of assemble multiple components. In addition, parts can be
produced in situ reducing the spare inventory and decreasing lead time for critical or old
components. For these advantages, the AM is a technique adapted in many fields such as
aerospace, medical, energy and automotive. Aerospace industry used the additive process
in order to build new complex fuel injector nozzles. Thanks to AM customized prothesis
and dental implants can be produced using medical images. Fast prototyping and race part
can also achieve. Low cost industrial laser, high performance computer and metal powder
technology have allowed the diffusion of additive manufacturing technique inside the
industrial company as demonstrated by the growth in sales of commercial systems.

Only a few applications have reached fully certified production, but many other have only
the certification of individual part type, material and process.*? In order to ensure high
performance of AM parts and avoid the influence of adopted parameters is necessary
design a way for the qualification of these new parts. Metal AM is now able to produce
hard to manufacture component that are normally difficult or impossible to produce via
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conventional route. The increase number of articles and reviewer attest the strong interest
for this new techniques.®®*#? However, some differences between traditional process are
present, such as anisotropy, residual stress, porosity, rough surface and particular defect
unique to additive manufacturing process that must be addressed for the critical
application.

In the last years, many names provide by 3D printer manufacturers has been used to
indicate the same technique (Table 2-1). Recently, the ASTM F2792 divides the AM in
two macro sectors, the first is Directed Energy Deposition (DED) and the second is
Powder Bed Fusion (PFB).

Table 2-1: AM metal equipment manufacturers and their specific process names *3

Process Process Name Manufacturer ASTM Category
DMLS® Direct metal laser EOS PBF-L
sintering
SLM® Selective Laser SLM Solution PBF-L
Melting
DMP® Direct Metal Printing 3D System PBF-L
LaserCUSING® LaserCusing Concept Laser PBF-L
EBM® Electron Beam Melting Arcam AB PFB-EB
Electron Beam
EBAM® Additive Sciaky Inc. DED-EB
Manufacturing
LENS® LENS Optomec DED-L
Direct Metal DM3D Technology
DMD® Deposition LLC DED-L

Another distinction is given by the heat source utilized such as laser (L), Electron Beam
(EB), plasma arc (PA) etc. Furthermore, is possible classify the various technique
between direct process, i.e. the process which starts from CAD model and produces
directly net shape part; and indirect process, i.e. the process that using intermediate steps
to complete the part. PBF AM processes and DED processes may be considered direct.

Table 2-2 reports the common AM alloys and application.
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Table 2-2: Common additive manufacturing alloys and applications *?

Aluminium  Maraging  Stainless  Titanium  Cobalt  Nickel  Precious
steel steel chrome  super metal
alloy
Aerospace v v v v v
Medical v v v v
Energy/ oil v
and gas
Automotive v v v
Marine v v v
Machinability
and v v v v
weldability
Corrosion v v v v
resistance
High v v v
Temperature
Tools and v v
molds
Consumer v v v
products

Figure 2-1-(a) shows a schematic representation of DED-L that used powder as raw
material. DED-L is based on the powder placement into the right zone and the laser source
melt the powder locally layer by layer.?® Argon is used to protect the melt pool zone from
oxidation as shielding gas and to carry the powder flow into the melt pool. DED-EB
system uses an electron beam to melt a metal wire (Figure 2-1-(b)) and a vacuum chamber
is necessary to eliminate all the contamination. The DED-PA and DED-GMA instead, are
very similar to fusion welding (Figure 2-1-(c)).2*% All these techniques can be adopted
to produce pieces with overhanging parts that require a specific structure to sustain their
own weight. The supports will be removed after the printing process. At the end of the
printing, the built can be mechanically separated from the building platform in order to
receive the post processing treatment, such as heat treatment or mechanical finishing.
PBF, similarly as reported above, start with CAD model which is sliced into planar layers
and send to the 3D machine setting the right printing parameters.?



CHAPTER 2
ADDITIVE MANUFACTURING PROCESS AND MICROSTRUCTURE OF MATERIALS

(a)

Electron
beam

Powder
Part injection nozzle

Substrate
Substrate

(c) (d)
Powder
e Powd
> ccD spreadery " e
& — Filter '
I ire / 4

q—» Thin wall \
\
\

Substrate More I\ Wi
owder ¥ New [ f .
[ = Work flat o spread layer ),
Clamps ~ ——Travel direction

(e) Sonotrode (f)

Transducer

Inkjet print head

A
—

AD (/\Cffl"'“u.lating Powder roller
direction) \

Object/ Part

Powder
bed
VD (Vibrating /

Metal tape, direction) New
powder \
et (Rolling direction) stock I l Build platform

Close-up of welding area

Figure 2-1: Schematic diagram of principal additive manufacturing techniques.?2527.28

The PBF is based on a powder bed with an energy source can be oriented inside the
chamber in order to melt the powder where necessary. After the first layer of powder
another layer is spread, and the process start again (Figure 2-1 (d)). A laser (L) or electron
beam (EB) can be used as energy source. For PBF processes, the scanning strategy can
follow different way in order to maximize the part density. The powders are often reused
to avoid wastage that can lead to poor surface finish and mechanical properties of the
final part.

A comparison of the main features between the LPBF and DED - that represent the

principal players in the metal AM - is reported in Figure 2-2.
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Characteristics DED PBF
Objecto buid . Limited and lower
. Large material . .
Fefeis Materials diversit experience in
— Y comparison to DED
— L Limited by process
— Part dimensions Limited by the chamber (¢=250mm,

handling system height: 160mm)

Build statoniston . Part complexit Limited Nearly unlimited
Powder Bed Fusion prextty y
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Build up on e On existing parts o Flat preforms
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Direct Energy Deposition Layer thickness >0.03-0.1 mm >0.03-0.1 mm

Figure 2-2: Characteristics of PBF and DED techniques?® -3

The LPBF process produces samples with higher dimensional accuracy and lower
roughness than DED process. On the other hand, the DED has a higher build-up rate and
can create larger components than LPBF. The maximum dimensions of the LPBF
components are limited by the building chamber.?® However, the two processes can be
complementary each other depending on the components characteristics.

Figure 2-1 (e) shows schematically the UAM process. It involves sheet metal joint
together by means of ultrasonic vibrations that produce a solid-state jointed.3?

Finally, in binder jet process, a liquid binder jet is selective sprayed by an inkjet printer

on an alloy powder bed in Figure 2-1 (f).?

2.2 Powder Bed fusion technique

Process

In order to provide a baseline description of powder fusion processes, Laser Powder Bed
Fusion will be described as shown in Figure 2-3. The LPBF fuses thin layers of powder
which have been spread across the build area using a counter-rotating powder levelling
roller. The building process takes place inside an enclosed chamber filled with nitrogen
or argon gas to minimize oxidation and degradation of the powdered material. The
building platform can be heated to avoid high temperature gradient during the printing
process. Uniform temperature within the build platform is necessary to minimize the laser

power requirements of the process (when the material is pre-heated, less laser energy is
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required for fusion) and to prevent warping of the part during the build due to nonuniform
thermal expansion and contraction (curling). Also the powder not already used can be
maintained at elevated temperature. Once an appropriate powder layer has been formed a
focused laser beam is directed onto the powder bed and it is moved according to the CAD
model to melt the powder. Surrounding powder remains loose and serves as support for
subsequent layers. After completing a layer, the building platform is lowered by one-layer
thickness and a new layer of powder is laid and levelled using the counter-rotating roller.
The beam scans the subsequent slice cross-section. This process repeats until the
complete part is built. Finally, the parts are removed from the powder bed, loose powder
is cleaned off the parts, and further finishing operations, are performed if necessary.?®

Laser Lenses |.aser beam X-Y scanning mirror
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//71
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Metal powder supply % Bl i ‘ ;‘ i
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Figure 2-3: LPBF schematic process®®
Powders

The commercially available powders is limited to pure titanium, Ti6Al4V, 316L stainless
steel, 17-4PH stainless steel and 18Ni300 maraging steel, AlSil0Mg and AIlSi7Mg,
CoCrMo, and nickel based superalloys Inconel 718 and Inconel 625.344 This range is
continually expanding with new entrants to the materials supply market. Precious metals
such as gold, silver or platinum are currently used in AM.

The quality of the 3D part depends strongly for the quality of the powders such as the
shape, the size distribution, surface condition, composition, flowability etc. The LPFB

powder has size range between 10 and 65 um. Obviously, the quality of the powder is

10
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related to the technology used to obtain the particles. In literature, four methods are
presented to produce powder for AM.

In the gas atomization process (GA), the metal is atomized by the high pressure flow of
argon and nitrogen gas (Figure 2-4-(a)).*! This method forms powders with spherical
morphology but the presence of the satellite particles increases the roughness of the
surface. Moreover, the particles can contain trap gas that can lead to porosity in the 3D
part. In rotary atomization (RA) process, the alloy is spilled on a rotary disk. Fine droplets
of molten metal are flung from the disk, solidified and collected as powders that are not
spherical. Plasma rotating electrode process (PREP) transforms a rotate metal bar into
metal powder by means of electric arc or plasma using the centrifugal force to collect the
solidified particles (Figure 2-4-(b)). This technique leads to perfectly spherical shape with
smooth surfaces. High pressure water jet is used to atomize and solidify the liquid metal
droplets as powders in water atomization (WA) process. The powders from the WA

process are usually irregular shape with lower flowability.

Gas Source
and Pump

Fine Powder

Nozzle

Collection
Chamber

Figure 2-4: (a) GA system;*® (b) PREP system*?

Heat flow

The most used method to analyse the piece temperature involves the computer simulation
because the measurement of temperature profile is very difficult because the source use
high speed to move itself.

A rapid heating followed by a rapid cooling characterized this technique that leave a
particular melt pool where the laser worked. Inside the melt pool, the temperature can be
more degrees above the liquidus temperature of the alloy and it decreases moving to the

edge of the melt pool (Figure 2-5). During the deposition, the substrate function as heat

11
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dissipater. Hence, the ability of dissipate heat through the substrate decreases
progressively with the increasing of the height of the part.

I 2 n

1300 1533 1609 1800 1900 ",
Temperature, K 1500 1878 1928 2100 2300

Temperature, K

Figure 2-5: Gradient of temperature inside the melt pool for (a) alloy 718 and (b) Ti6AI4V by means of
computational simulation*®

The cooling rate is very high if compare to the welding, thus leading to a unique
microstructure far from the thermodynamic equilibrium. Moreover, the high gradient
temperature inside the melt pool, the partial reheating of the layers previous printed and
the different thermal diffusion coefficient in the height are the main players in the
inhomogeneous microstructure.

Defects

The AM technique involves peculiar defects linked with the process parameter and
process type. During the deposition of alloys such as titanium or aluminium, the
vaporization of some alloying element may occur if the melt pool temperature is too high.
Due to the different volatility of some element, the change in the final composition of the
printed alloy leads to different microstructure, corrosion behaviour and mechanical
performance worsening the quality of the 3D component.** Authors reported that is
possible decrease of 0.6-1.0 % Al and 0.4% Mg during the processing of titanium and
aluminium alloys, respectively.**’

The porosity strongly affects the mechanical behaviour and is very important minimized
this phenomenon that is common in AM process (Figure 2-6).4849 Different factors are
linked to the porosity. If high power is used during the process the melting zone can
become unstable lead to a collapse of itself leaving a pore.

12
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Figure 2-6: Pore inside the LPBF alloy 625 specimen

Even the gas inside the powder may induce porosity in the 3D component. Moreover, the
shielding gas using to avoid the melt pool oxidation can be trapped and lead to porosity.

PBF process involve rough surface for the as fabricated part depending on the printing
parameters. Powder quality (morphology and granulometry), process parameters (source
power, scan speed, layer height, overhang angles, scan strategy, etc), design and material
play an important role in the final roughness leading to partially fused powder, improper
fusion or balling.!? Nevertheless, post processing treatment such as surface machining,
grinding, chemical polishing, and shot peening can mitigate the roughness.

The roughness is also embedded in the “stair step effect” due to the approximation of
curve surface as shown in Figure 2-7. Therefore, the balancing between the build time
and the accuracy and roughness is a main point during the set of the print parameters.
Small layer thickness strongly reduces the surface roughness, but it takes more time for
build the same volume. Another strategy to mitigate the problem is orient the part inside
the chamber in a smart mode, avoiding high angles by complex edge and building
direction.>°

AM component can show crack due to the thermal contraction and shrinkage between the
substrate and the melt pool causing a tensile stress in the new layer. If the magnitude of
tensile stress exceeds the limit a crack can be detect at the grain boundaries. Moreover, in
the partially melted zone can precipitates second phases inducing a tensile force due to
the solidification shrinkage and thermal contraction during the cooling. In the AM
product, the crack can be very long interesting many layer or limited at only one layer

13
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with a maximum length equal to the layer height. Some materials such as Ti6Al4V and
nickel superalloy are prone to this type of crack.
At the end, if the residual stress between two consecutive layer overtake the mechanical

resistance of the alloy, the delamination problem can affect the AM part.*®

AN
N i
]\ t = Slice thickness
N f

Figure 2-7: Rough surface caused by approximation of curve surface®

The rapid cooling rate and the deposition of a new liquid layer above one already
solidified are the main concept of additive manufacture process but it can include the
residual stress. This stress does not implicate only cracks but also distortion, bad
tolerance, low fatigue and fracture resistance.>>* The residual stress distribution is non-
uniform and may change during the process. Thus a quantitative study of the problem is
necessary to reduce or eliminate it. Also a smart placement of the component into the
chamber can limit the distortion.

Microstructure

The crystallographic orientation and grain shape depend on the thermal history.

The melt pool can have circular or keyhole cross-section in function of the power
intensity. AM prefers the first form because the keyhole mode can be instable involving
porosity.

The nucleation process occurs only during the deposition of the first layer when the
building platform has dissimilar nature in comparison with the chemical composition of
the first printed layer. In this case, it is necessary overcome the activation energy barrier
at the liquid-solid interface. Conversely, the subsequent layers —having similar chemical
composition— spontaneously grow epitaxially from the previous layer without any
activation energy barrier.'2 Nevertheless, for these layers, the microstructure is dominated
by competitive growth.>® The competitive growth of the polycrystalline material concerns

the dendrite that have crystallographic orientation parallel to the maximum heat flow

14
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during the printing. Table 2-3 shows the preferentially growth directions for materials
with various crystal structures.>® Instead, columnar structures are developed when
dendrites that are more aligned with the temperature gradient outgrow slower growing

misaligned dendrites.>®

Table 2-3: Preferential growth directions for materials with various crystal structures®

Crystal structure Growth direction Examples
Face-centred-cubic (fcc) <100> Aluminium alloys, austenitic
stainless steels
Body-centred-cubic (bcc) <100> Carbon steels, ferritic stainless
steels
Hexagonal-close-packed (hcp) <1010> Titanium, magnesium

The morphology of the grain obtain after the printing can affect the mechanical property;
the PBF system is characterized by grain with the <001> build direction as shown in
Figure 2-8. Vertically oriented columnar grains are the main microstructure for several

alloys processed by PBF.

Figure 2-8: Microstructural morphology of LPBF alloy 625 °6
Post-processing treatments
Most AM processes require post-processing after part building to prepare the part for its
intended use.
One of the most common is support removal. Support material can be classified into two
categories: the first is the material which surrounds the part and the second are the rigid
structures which are designed and built to support the overhanging parts or connect the
part with the building platform. In the PBF technique, the removal of the powder that
surround the part is required. Nevertheless, it is necessary leave the powder around the
piece during the cooling process in order to avoid distortion due to non-uniformly
temperature distribution. After the cooling time, typically the entire build (melt part and
powder) is removed from the machine as a block and transported to a station where the
parts are removed manually from the surrounding powder material by means of brushes,
compressed air, and light bead blasting. Some machine has an integrate system to take
away the powder around the part (Figure 2-9).
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Figure 2-9: Automated powder removal using vibratory and vacuum assist in a ZCorp 450 machine 26

Obviously, internal channel or cavity is difficult to clean and may require significant post-
processing time. The smart placement with respect to the building direction can limit the
use of supports. The orientation can also affect the surface roughness and functionality.
Where the supports are removed a typical marker is left such as small bumps and divots
can compromise the surface. This effect may compromise the product functionality of
small products. The supports are normally removed manually by hands or by mechanical
cutting or by means of wire-EDM.?

The surface treatment is a common post processing treatment in order to improve the
roughness. it can involve shot-penning, mechanical or electrochemical polishing etc. The
process of shot-peening involves a mechanical surface treatment whereby small balls hit
the surface of the component. The repeated impacts not only induce compressive residual
stress but also refine the microstructure at the surface and sub-surface region (typically a
few hundred micrometres in depth). The compressive residual stress field reduces the
effective applied stresses of the component during application, which results in delayed
crack initiation and retarded early crack propagation.®’ Regarding to the electrochemical
polishing, the printed product is immersed into the electrolyte and a anodic current density
is applicated. The electrochemical reaction slightly dissolves the metal surface, thereby
smoothly polishing a very rough surface. Surface quality including roughness, splashed
particle spots, smoothness, brightness, light reflection and corrosion resistance are
improved by electrochemical polishing.*®

Finally, hot isostatic pressing or heat treatment are used to minimize the residual stress
and change/homogenise the microstructure. Traditional heat treatment developed for the
specific metal alloy being employed are commonly used. However, special heat treatment
methods have been studied to maintain the fine-grained microstructure within the AM
part in order to retain high mechanical properties. The hot isostatic pressing process
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combines high temperature and isostatic inert gas pressure (from to 100 to 3100 bar) in a
high-pressure containment vessel. Heat and pressure, applied simultaneously, eliminate
internal voids and residual porosity therefore improving fatigue resistance of fabricated

parts and resulting in a very fine-grained structure.>®

2.3 PBF metal alloys
PEB Aluminium alloy

High strength and stiffness, low weight, good formability, good corrosion resistance, and
recycling possibility make aluminium alloys an ideal candidate to replace heavier
materials (steel or copper) to satisfy the weight reduction demand in the automotive
industry.®® Authors reported that aluminium alloys exhibit an improvement in fuel
economy of 5.5% for weight reduction of approximately 10%.5!

The most common aluminium alloys processed by AM are the eutectic Al-Si and the heat
treatable Al-Si-Mg alloys that are the main player in to as-cast and high pressure die cast
techniques thanks to their high castability. The microstructure of Al-Si alloys usually
consists of primary a-aluminium phase and eutectic, fully eutectic, or mixture of primary
silicon phase and eutectic, depending on the composition and solidification condition
(Figure 2-10).

LPBF AISi10Mg parts have mechanical properties higher or at least comparable to the
casted AISi10Mg material. The Vickers hardness of the as built LPBF parts is much
higher (almost 30HV) than the hardness of the high pressure die casted (HPDC)
AIlSil0Mg in the as-cast condition and almost comparable with the aged HPDC
AIlSi10Mg. The ultimate tensile strength of the as built LPFB AISi10Mg parts is always
higher than those of the HPDC. The elongation of the as-built AISi10Mg parts is
comparable with the HPDC parts (Table 2-4).%2
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Figure 2-10: Phase diagram of aluminium-silicon system.

Table 2-4: Mechanical properties of LPFB built parts and cast®

E UTS €
GPa MPa % HV
XY direction 39146 5.55+0.4
XZ direction 68+3 3968 3.4720.4 127
conventional cast and aged 71 300-317 2.5-3.5 86
high pressure die casting 71 300-350 3-5 95-105
high pressure die casting T6 71 330-365 3-5 130-133

The macrostructure of the LPBF alloy printed rotating the scan strategy by 67° between
consecutive layer shows the tracks of the laser scan along the building plane (XY) (Figure
2-11 (a)). The melt pool borders are elongated due to the variation of the laser scan
direction. The temperature of the platform does not modify the alloy macrostructure.
Along the direction perpendicular to the building direction (XZ), the macrostructure
shows semi-circular shaped melt pools, partially overlapped on previous tracks (Figure
2-11 (b)). During the LPBF process, the underlying metal, which is only superficially
melted, quickly remove the heat from the liquid and it ensures the adhesion of the track

to the substrate. Each singular track could be considered as a small casting deposited on
the previous one.>’
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Figure 2-11: Optical images of microstructures of untreated (UT) specimen on (a) XY plane and (b) XZ
plane®

The microstructure modification inside the melt pools depends on the rapid solidification
process, building platform temperature and directional cooling. SEM analysis reveal
cellular grains inside the melt pools and oriented dendrites. The rapid solidification
inhibits segregation and precipitation of alloying elements from liquid and solid solution
and produced a microstructure far from equilibrium. The directional cooling affects the
grain growth perpendicularly with respect to the melt pool border towards the centre of
the melt pool.®* Smaller equiaxed grains are observed at the centre of the melt pool, while
the border of the melt pool -where two tracks were overlapped- underwent double
melting. Heat Affected Zone (HAZ) can be noticed just next to the melt pool border
(Figure 2-12).

Figure 2-12: Microstructure of as-built specimens using different temperatures of the building platform
(a) 35°C and (b) 100°C
The silicon distribution in the melt pool is regulated by the heating and cooling rate of the

alloy. Owing to the high solidification rate, the a-Al phase inside the melt pool remains
oversaturated in silicon.®>®® According to Murray and McAlister, the maximum solubility

of silicon in aluminium is about 1.5 wt % at the eutectic temperature but decreases to less
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than 0.05 wt %. below 300 °C. Rapid cooling can maintain the silicon content into an a-
Al phase at oversaturated level up to 11 wt %.%’

The silicon does not fully remain in solid solution, but partially segregates on the
columnar grains of the a-Al phase as fibrous particles that “decorate” the primary grain
of a-Al phase (Figure 2-13(a)).%°

rrrrr

Figure 2-13: Close-up of the melt pool (MP) zones (a) of the silicon-isolated particles in HAZ; (b) of the
UT specimens (Tpiatorm 35°C)

Thijs et al.%® define the structure of silicon as “intercellular network”.%® At times, the

silicon particles form a eutectic phase (Figure 2-13). The eutectic is more visible in

specimens built with a platform temperature of 100°C compared to 35 °C (Figure 2-13
and Figure 2-14).

Figure 2-14: (a) Close-up of the eutectic-like phase on the border of a-Al grains and (b) idiomorphic crystal
in the HAZ of the UT-specimens (Tpiatform 100°C)

In the HAZ, the solid-state diffusion is promoted by thermal cycles and interruptions in
intergranular network occur. Silicon particles coarsening could be noticed, which become
idiomorphic crystals and some needle-like microparticles could be detected (Figure 2-15
(b)).%8 Moreover, during the printing the MgSi can precipitate.'?8
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Figure 2-15: Microstructure of the AISi10Mg specimen after stress relieved at 300°C (a) MP and (b) HAZ
(Tplatform 350(:)

PEB Nickel alloy

Nickel superalloys are widely used in the aerospace applications,® marine environments
including for the manufacture of heat exchangers,” in the Oil&Gas industry "3 and in
nuclear plants "4-"® thanks to its high mechanical properties, good corrosion resistance
and high performance at high temperatures. However they can underwent localized
corrosion, such as crevice, pitting as well as intergranular corrosion and stress corrosion
cracking (SCC) in very aggressive conditions.””~"®

Alloy 625, also known as Inconel 625, is a nickel based solid solution strengthening
superalloy, which is largely strengthened by Mo and Nb elements. The microstructure of
the traditional alloy is formed by austenitic phase, with the possibility to have
precipitation of intermetallic such as y’-Niz(Ti-Al) and y’’-NisNb which can improve the
mechanical properties. y’-Nis(Ti-Al) phase is considered one of the most important
strengthening phases in a significant number of Ni-Fe and Ni-based superalloys. y" is a
Face Centred Cubic (FCC) intermetallic compound. Typically, Y’ phases are dispersed
throughout the matrix, strengthening the alloys by means of Orowan mechanism. The
same mechanism is also used by y’’-NisNb in order to strengthening the alloy. Carbides
are commonly present in this superalloys, and they tend to form mainly along the grain
boundaries and twin boundaries, generating fine inter/intragranular disperse carbides,
during thermal exposures.®’ The LPFB alloy 625 show cellular and columnar grain of
austenitic matrix phase vy, with y’-[NisTiAl], y"-[NisNb]. & [NisNb] phases as well as
dendrite formations can be found in the melt pool. 83

The microstructure of the as-built samples shows columnar grains developing epitaxially,

thus crossing several melt pools along the building direction (Figure 2-16). The marks
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underline the different melt pool borders along both the building direction and
perpendicular to the building platform. The melt pools are not all placed straight along
the building direction due to the scan strategy which involves laser beam rotation of 67°

between two consecutive layers, 84

]O—MIII 7/

Figure 2-16: FESEM images at different magnification (a, b) exhibiting melt pools with columnar and
cellular primary dendrites for as-built IN625 sample; Mixed acids reagent®’

Figure 2-17 reveals the FESEM image of as-built alloy 625 samples performed by
Politecnico di Torino along the building direction. The melt pools are made up of very
fine primary dendritic structures which have both cellular and columnar shapes. The
cellular dendrites structure is due to the alteration of columnar dendrite structures caused
by very high cooling rates, as previously reported.®® At higher magnification (Figure
2-17), very fine bright precipitates along the dendritic areas indicated by arrows 1 and
bright elongated phases along the interdendritic regions pointed out by arrows 2 can be
observed. Previous TEM investigations performed on as-built alloy 625 by Politecnico di
Torino (produced with the same process parameters) reported a relatively high
concentration of Nb and C for these precipitates, suggesting the early stage formation of

fine MC carbides.®®
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Figure 2-17: FESEM images of as
structures with nanoprecipitates (1) and segregation of Nb and Mo within the interdendritic zones (2) b)
cellular dendritic structures with nanoprecipitates (1) and segregation of Nb and Mo within the
interdendritic areas (2)%’

EDS results revealed enrichment in Nb and Mo within the interdendritic areas, indicated

possible segregation of Nb and Mo due to their elevated tendency to segregate, as
confirmed by the literature.%°%

The mechanical properties of printed alloy are higher or comparable with the traditional
same alloy and are comply with the minimum requirements of the ASTM standard (Table
2-5).

Table 2-5: mechanical properties of alloy 625 9%

YS uTsS € Hardness
MPa MPa %
LPBF XY 725 £ 50 990 £ 50 35+5 HRC 30
LPFB XZ 615 + 50 900 £ 50 42 +5

LPBF XY Heat treated at 870°C lhours 720 + 100 1040 £+ 100 35+5
LPFB XZ Heat treated at 870°C 1hours 650 + 100 930 + 100 44 +5

Cast 350 710 48 HV 266
Annealed 430 940 51.5 HV 145
ASTM B443, B444, B446 Annealed 414 827 > 30

PEB Titanium alloy

Titanium and its alloys are among the most important metals in the biomedical field,
thanks to their biocompatibility and mechanical properties, including a good strength-to-
weight ratio due to their low specific weight and high tensile strength.®* The Ti6Al4V
alloy is mainly used for the realization of artificial joints.%

Ti6AIl4V is dual phase alloy composed of a hexagonal a-phase and a body-centred-cubic
B-phase at room temperature. Thijs et al.% noticed a fine- grained acicular martensitic
structure in their investigations on AM alloy, and also identified from XRD the present

phase as o’. In building direction, elongated grains with a size >>100 pum were found that
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significantly exceed the layer thickness of 30 pum which was used in the experiment. An
epitaxial growth occurred.®’

Post processing heat treatment is usually needed to transform the martensite to a-phase
in order to improve mechanical properties.*? In general, AM processed Ti6AI4V also
shows increased tensile strength compared with cast or wrought material. Conventionally
processed (cast, wrought) o+ alloys, such as Ti6Al4V, exhibit lower elongation values
than the commercial pure titanium due to the blocking of the twinning deformation

process.?® A comparison on the mechanical behaviour is given by the Table 2-6

Table 2-6: Mechanical properties of Ti6AI4V in relation with the process

Process S uTS ¢
MPa MPa %
Cast ASTM F1108 758 860 >8
Cast by*® 896 1000 8
Wrought ASTM F1472 860 930 >10
Wrought by®® 931 1055 9
XY LPBF by!® 1137+ 20 1206 + 8 762
XZ LPBF by 1040 + 10 1140+ 10 8.2+0.3
XY LPBF after stress
relieving at 650°C for 1076 + 14 1189 + 16 13.6+1.3
3h102
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The following chapter deals of the experimental study of corrosion behaviour of Al-Si
alloy processed by LPBF. Potentiodynamic test, electrochemical impedance spectroscopy
and immerse tests were performed to characterize the localized corrosion and the selective
corrosion. A microstructural characterization is also performed.

The tests were performed on specimens printed by Politecnico di Torino. Scanning Kelvin
Probe Force Microscopy tests were carried out at the University of Udine. The Exo-
electron emission tests were performed by the University of Riga.

The tests were carried out on AISilOMg specimens; Table 3-1 reports the alloy
composition. The powders were processed by an Eos M270 Dual Mode machine
equipped by powerful Yb (Ytterbium) fiber laser system with a continuous power up to
200 W operating in Ar atmosphere. The scanning strategy involves the rotation of laser
beam of 67° between consecutive layers based on the EOS strategy. The combination of
the process parameters and scanning strategy allows the production of parts with a

residual porosity less than 0.1%.

Table 3-1: Nominal chemical composition of AISi10Mg powder
Alloy (% weight) Si Fe Cu Mn Mg Zn Ti
AlSi10Mg 9-11 <0.55 | <0.05 | <0.45 0.2-04 <0.1 0.01

The gas atomized AlSi10Mg powder was produced by EOS Gmbh (Krailling, Germany).
FESEM observations reported in Figure 3-1 (a) of the as-received gas atomized
aluminium powder revealed that the particles are spherical and quite regular in shape,

ranging in dimensions from 0.5 to 40 um, with a mean size of 25 pum. The smallest
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particles tend to agglomerate on the surface of the bigger ones, creating some clusters of
50 to 80 um. >’

Figure 3-1: Field emission scanning electron microscope (FESEM) of AlSi10Mg powder 57

The smallest particles are spherical, whereas the bigger ones possess an elongated shape.
Some clusters are formed because of the agglomeration of the smallest particles on the
surface of the bigger ones. Trevisan et al investigated the mean size distribution through
laser granulometry (Fritsch model Analysette 22 Compact) using a frequency distribution
based on a volumetric assumption, the diameters corresponding to 10% (d10), 50% (dso)
and 90% (dgo) of the cumulative size distribution are 22, 34 and 53 pm, respectively. 1%
Cylindrical specimens with 15 mm diameter and 5 mm height were used for the corrosion
test. They were produced considering different orientations with respect to the building
platform. Specimens were built both with the base parallel to the building platform
(named XY, see Figure 3-2) and perpendicular to the building platform (named XZ, see
Figure 3-2). Two different temperatures (35 °C and 100 °C) of the building platform
during the production process were also considered.
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Figure 3-2: Macrostructure and orientation of AlSiMg samples

The specimens manufactured via LPBF were tested in two conditions: without heat
treatment (named LPBF-UT specimens) and after different heat treatment and they are
named LPBF-HT specimens. The post processing heat treatments were carried out at 200,
300, 400, and 500 °C for 2 h, followed by cooling in still air at room temperature.

The specimen used directly after the printing are marked with the initials AB (As Built).
They present high roughness surface (Figure 3-3).

Figure 3-3: Macro image of the as produced surface

Calignano et al. reported that the roughness (Ra) of the AB specimens was 23 pm, with
153 um of Rz -that is the distance between the highest peak and lowest valley. A residual
emerging porosity of 0.7-0.8% was detected.'%
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The specimens marked as P (Polished) were grinded with abrasive paper until 4000 grit
and polished with 0.3 um colloidal alumina. They were passivated in air for 48 hours

before tests. All specimens were degreased in acetone before the electrochemical tests.

Metallographic analysis and hardness tests

Metallographic analysis was carried out on specimens polished by means of abrasive
papers up to 4000 grit, finished by 0.1 um alumina aqueous suspension, and etched by
means of Keller’s reagent (2 mL HF (48%) + 3 mL HCI + 5 mL HNO3z + 190 mL H20)
for 15 seconds.

Vickers microhardness tests were executed according to UNI EN ISO 6507-1:2018
standard by using 100 g load and 15 s waiting time.

Selective corrosion test

Intergranular corrosion tests were carried out according to ISO 11846 standard. One side
of the specimen was polished with emery paper up to 2400 grit, whereas the other side
was left with the rough surface. According to the standard, the specimens were pickled in
NaOH 8% at 55 °C for 3.5 min, rinsed in water, and dipped in 60% HNO3 for 2 min. They
were then rinsed in distilled water and dried. All the reagents were of analytical grade.
The intergranular corrosion tests were carried in 30 g/L of NaCl solution with 10 mL/L
of HCI at room temperature for 24 h. After exposure, the specimens were rinsed, and the
incoherent corrosion products were mechanically removed using a soft brush. They were

then sectioned in order to analyse the morphology and depth of the attack.

Electrochemical test

Electrochemical tests were performed by using different instrument, such as Ivium
Compastat, Metrohm Autolab PGSTAT302, Gamry REF600+, with a 1-L. ASTM G5-82
glass cell on specimens printed at 100°C with building platform temperature. The cell
was equipped with a saturated calomel reference electrode (SCE) placed in a Huber-
Luggin capillary probe, and two graphite counter electrodes. The specimens were inserted
into a PTFE sample holder with an exposed surface of 0.785 or 1 cm? (with a rubber

gasket in order to avoid linkage of solution) and used as the working electrode.
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For the potentiodynamic tests, the specimens were immersed in the solution and stabilized
for 600 s. Then, the potentiodynamic test was conducted with a potential scan rate of
0.167 mV/s, from -10 mV vs. free corrosion potential (Ecorr) to +800 mV vs. SCE or up
to reach an anodic current of 1 mA/cm?2. This last value was chosen based on the
experience, it is sufficient high to avoid any spontaneous repassivation of the specimen
and not too high to fully destroy the specimens, permitting to evaluate the morphology of
corrosion. The potential at the beginning of rapid current increase was assumed as pitting
potential.
The tests were carried out at 23+2 °C in different aerated environmental reported below:

e 35¢/L (0.6 M) NaClatpH 7

e 3.5¢/L (0.06 M) + 38.34 g/L. Na2SO4 NaCl at pH 7

e 1g/L (0.02 M) +41.18 g/L Na2SO4 NaCl at pH 7

e 0.509/L (0.01 M) +41.89 g/L NaSO4 NaCl at pH 7
After the tests, the specimens were firstly washed with distilled water, rinsed with acetone
in ultrasonic bath, and finally dried.
Corrosion morphologies were observed by means of optical and scanning electron
microscopes.
The electrochemical impedance spectroscopy (EIS) tests were performed in the same cell
and using the same condition/solution reported above for potentiodynamic tests. Initially,
600 seconds of equilibration time was recorded. A sinusoidal signal of 10 mV amplitude
in the frequency range between 40000 and 0.01 Hz was used, with 5 frequencies for
decade. Ivium Compastat, Metrohm Autolab PGSTAT302 and Gamry REF600+ were

again used.

Surface characterization

The scanning Kelvin probe force microscopy (SKPFM) technique was used to obtain the
surface potential (\VVolta potential) maps on polished AlSi10Mg specimens with T piatfotm
of 100°C by means of a Nanoscope Il multimode atomic force microscope (AFM)
equipped with an Extender TM electronic module. The SKPFM is a local technique to
measure the Volta potential at the micro/nano scale, it permits to evaluate the energy to
remove the electrons from the material Fermi level,X% and this can be related to the

different electrochemical nobility of the material phases.
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The maps were acquired using n*-silicon tips coated with Ptirsat 23 °C with a relative
humidity of 40-65%. The topography and potential maps were sampled with a scan
frequency of 0.1 Hz. To acquire potential maps, we used a scan height of 100 nm in the

lift mode.

Exo-electron Emission (EEE) measurements

The exo-electron emission (EEE) measurements were carried out using a exo-electron
spectrometer in a vacuum 107 Pa on AISi10Mg specimens printed with Tpiatform 0f 100°C.
and this can be related to the corrosion resistance of the different material phases. The
technique is based on the electron extraction work and can be highlight the effect of the
heat treatment on the microstructure or phases precipitation.

The emitted electrons were detected using a secondary electron multiplier SEM-6M
(VTC Baspik, Russia). During EEE measurements, the specimens were heated from the
room temperature to 550 °C at a rate of 10 °C/min. Alongside the emitting surface of the
specimens was irradiated with photons having an energy 4.67 eV. This energy was
selected to be close to the electron work function of the tested material. These tests were
performed by the University of Riga.

3.1 Result on Al-Si alloy

Intergranular tests results

The following images (Figure 3-4 and Figure 3-5) show the corrosion morphology of
AlSi10Mg alloy in function of the heat treatment temperature for the both orientation of
specimens, after the intergranular test.

The corrosion morphology is representative of the attacks that took place on all
specimens. Preferential attacks at the melt pool borders can be evidenced especially for
the XZ specimens. The depth of the attacks can be noticed by the metallographic sections.
The specimens without any heat treatment did not show preferential attacks along the
melt pools and the depth of penetration was negligible. The attack was deeper for
specimens built at 35 °C compared to those built at 100 °C. This difference disappeared
after the heat treatment. The samples heat treated at 200 °C showed penetrating attack
along the border of the melting pools, which became deeper and wider on the specimens

heat treated at 300 °C. Such penetrating attacks were evident on specimens built with the
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base perpendicular to the building platform (XZ), whereas the attack on the XY planes
achieved lower depth because they deviated through the different layers. During our
intergranular tests, the corrosion attack took place on all building directions due to the
fact that the specimens were fully dipped in the testing solution. However, the exposure
of both XY and XZ polished specimens allowed for better analysis of the morphology of
the attack and enhanced the preferential growth of the attack with respect to the melted
pool border. On the specimens heat treated above 400 °C, marked general corrosion attack

all the surfaces was observed independent of the building direction.'%
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Heat treatment at 300°C

Heat treatment at 400°C

Figure 3-4: Metallography section of XY and XZ AlSi10Mg LPBF alloys (building platform set to 35°C)
in acidified 30 g/L NaCl %

AlSi10Mg specimen and building platform temperature 100°C

XZ XY

No heat treatment

Heat treatment at 200°C
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Heat treatment at 300°C

Heat treatment at 400°C

Figure 3-5: Metallography section of XZ and XY AlSi1l0Mg LPBF alloys in function of heat treatment
temperature ©*

The Figure 3-6 reports the maximum depth of localized attack for the tested alloys as a
function of metallurgical conditions — i.e. the post-processing heat treatment. Generally,
the data confirmed as already descripted above.
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Figure 3-6: effect of post-processing heat treatment temperature on maximum localized corrosion depth
of LPBF AISi10Mg alloy*®
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Potentiodynamic tests

The potentiodynamic tests showed different trend in function of the chloride
concentration, superficial condition and heat treatment temperature.

The tests on the as-built specimens were performed only using a 1 g/L NaCl solution. The
Figure 3-7 and Figure 3-8 summarize the results, it was evidenced that the alloy almost
had an active behaviour, with a corrosion potential close to -0.650 V vs. SCE for the XY
specimens and between -0.750 V and -0.625 V vs. SCE for the XZ ones. The Figure 3-9
shows that the attack preferentially underwent along the border of the melt pools.
Conversely, the specimens heat treated at 400°C presented a large damage.

The XY polished specimens showed corrosion potential between -0.475 V and -0.680 V
vs. SCE in the solution with lower chloride concentration (Figure 3-10 and Figure 3-11).
For the XZ ones in the same solution, Ecorr was between -0.567 V and -0.715 V vs. SCE. The
curves indicated a large range of passivity up to the anodic current increased rapidly
indicating that the localized attack was started. The polished specimens immersed in the 35
g/L NaCl solution showed active behaviour for both orientations (Figure 3-12 and Figure
3-13).

The SEM analysis on the UT specimen highlighted a lot of attacks on the border of melt
pools. The specimens heat treated at 200 and 300°C showed a pit attacks spread on different
melt pools. The heat treatment at higher temperature showed large localized attack with an
enrichment of silicon particles (Figure 3-14). Some curves and SEM images are reported in
the Annex A.
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Figure 3-7: Potentiodynamic tests on XY as-built specimens in 0.5 g/L NaCl in function of the heat
treatment temperature
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Figure 3-8: Potentiodynamic tests on XZ as-built specimens in 0.5 g/L NaCl in function of the heat
treatment temperature
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(N

Figure 3-9: Localized attack on as-built surface exposed in 1 g/L NaCl for (a) the XZ un-treated
specimen, (b) the XZ specimen heat treated at 200°C, (c) the XZ specimen heat treated at 300°C and (d)
the XZ heat treated at 400°C.
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Figure 3-10: Potentiodynamic tests on XY polished specimens in 0.5 g/L NaCl in function of the heat
treatment temperature
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Figure 3-13: Potentiodynamic tests on XZ polished specimens in 35 g/L NaCl in function of the heat
treatment temperature
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Figure 3-14: Localized attack in 35 g/L NaCl for (a) the XZ un-treated specimen, (b) the XZ heat treated
at 200°C and (C) the XZ heat treated at 400°C.
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Electrochemical Impedance spectroscopy
Figure 3-15 and Figure 3-16 show the EIS curves obtained on AISi10Mg-XY specimens

with as-built surface exposed to the solution with 1 g/L of NaCl. The trend of the curves

at high frequencies denotes a similar constant value for all the specimens, decreasing the

frequency, the specimens achieved a module value of 10000 Qcm? for the UT and heat
treated at 200°C and about 2200 Qcm? for the specimens heat treated at 400°C.

It is possible note that increasing the heat treatment temperature, the phase peak was

lowered and moved to higher frequencies. The XZ surface had similar behaviour.
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Figure 3-15: Bode-impedance diagram of XY AB specimens

O N o ©
O © & & o
T T T

Phase [deg]
T SRnCa
o

EXY AB 1 g/LN

aCI‘

v

—XY UT
— XY HT 200°C
XY HT 300°C

= XY HT 400°C

0.01 0.1

Figure 3-16:

10 100 1000 10000 100000
Frequence [Hz]

Bode-phase diagram of XY AB specimens

39



CHAPTER 3
EXPERIMENTAL STUDY OF AlSil0Mg

The Figure 3-17 shows the EIS spectra for the polished XY specimens in relation with
the heat treatment temperature. Only one curve for each condition is reported in order to
avoid confusion. In low chloride solution, the specimens with polished surface showed a
trend that grow up to impedance value equal to 108 Qcm?. The phase diagram showed a
large peak that remain near to 90° for a long frequency period. Increasing the chloride
content, the impedance modulus had a plateau at low frequencies achieving an impedance
value equal to 10° Qcm?. In high chloride solution (35 g/L NaCl) the impedance curves
achieved 10* Qcm?. The phase curves reduced the large peak achieving a value close to
0° at low frequencies.

A similar decreasing of the impedance modules at low frequencies was detected
increasing the heat treatment temperature.

The XZ surface had similar behaviour and the curves are reported in the Annex A.
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100000

41



CHAPTER 3
EXPERIMENTAL STUDY OF AlSi10Mg

Microstructural and mechanical characterization

Figure 3-18 shows the microstructures of the XY and XZ specimens as a function of the
heat treatment. The melt pool microstructures were maintained up to 400 °C heat
treatment temperature. At 300 °C, the edge of the melting well was more clearly marked,
and there were also isolated silicon clusters. By increasing the heat treatment temperature
up to 400 °C, the melt pool practically disappears, and a-Al matrix was present with

dispersed silicon particles located at the old edge of the melt pool.
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Figure 3-18: Optical images of microstructure for XY & XZ after etching in function of heat treatments
106
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The Figure 3-19 shows the micro-hardness values obtained using 100 g of load. The
specimen hardness decreases as temperature increases, regardless the building platform
temperature or the building plain. The minimum value was achieved after the heat
treatment at 400 °C for 2 hours.
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Figure 3-19: Effect of heat treatments on AISi10Mg microhardness

Scanning kelvin probe force microscope

The result of analysis by SKPFM on XZ UT specimen highlight the typical microstructure
formed by melt pools. The melt pool border showed a lower Volta potential than the
centre, indicating its anodic behaviour. After the heat treatment at 300°C the different
between the centre and the border stay high; the border of the melt pool is still visible.

Conversely, the heat treatment at 400°C uniformed the microstructure removing the melt
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pools track. The Volta potential map underlined a more homogeneous distribution of

potential due to the heat treatment (Figure 3-20).

Melt Pool

borders

100 mV

-100 mV

Figure 3-20: SKPFM Volta potential maps for (a) XZ UT, (b) XZ HT 300°C and (c) XZ HT 400°C

Figure 3-21 shows the effect of heating on the exo-electron emission of the specimens
with different heat treatments. The EEE of the not-thermally treated specimens starts from
200 °C and increases with increasing of the temperature. The heat-treated specimens, on
the other hand, begin to weakly emit exo-electrons from 250 °C. The specimens stress
relieved at 300 °C for 2 hours have an emission peak at about 420 °C. The specimens heat

treated at 400 °C maintained a very low emission.
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Figure 3-21: Exo-electron emission curves in function of the post processing heat treatment temperatures

3.2 Corrosion mechanism of aluminium

The aluminium alloy is a passive metal

with a stable oxide film that have a high

impedance. This oxide film is stable in a range of pH between 4 and 9 as reported by the

Pourbaix diagram (Figure 3-22).
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However, the localized corrosion can occur during the exposure at the chloride solution.

The low reverse potential of aluminium does not allow the re-passivate process leading

to high corrosion rate regardless the pH due

to the hydrogen cathodic reaction. The second
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phases have a main role in the corrosion behaviour that can be anodic such as cupper, iron

silicon rich phases or cathodic such as magnesium or zinc.

The corrosion mechanism of pure aluminium in chloride solutions has been described in

numerous studies.331%8-112 According to the McCafferty model,*1%13 the surface of the

aluminium passive film assumes a positive charge when it is immersed in a solution with

a pH lower than the zero point of charge of its oxide (= 8.9-9.2), according to Eq 3.1
Al(oxide)OH + H* 2 Al(oxide)OH; [3.1]

In this reaction, Al(oxide) indicates the metallic Al and the adjacent oxide layer, while
OH represents the outer layer of oxide surface hydroxyl groups. The positive charge of
the passive film attracts chloride ions from solution, as shown in Eq. [3.2], where n is the
number of chloride ions interacting with the surface.

Al(oxide)OHS + nCl~ 2 Al(oxide) OH,Cl;™*! [3.2]

These ions diffuse for a second time inside the oxide via oxygen vacancies (Vo-),
according to the reaction:
Al(oxide)OH,CL;™" + nV,- - Al[n(Cly) (oxide)]OHS [3.3]
In Eq. [3.3], Clo- represents the ions occupying the oxygen sites in the oxide lattice and
Al [n(Clo-)(oxide)]JOH:" is the oxide film on the aluminium side where the diffusion of
chloride ions takes place; the aluminium at the metal oxide interface is involved in a three
stage process, losing three electrons, as described by the overall reaction [3.4]:
Al[n(Cly)(oxide)|OHS

2 A3t [m(Cly) (oxide)]OHS + (n — m)Cl™ + 3e~

Frankel'® demonstrated that the stable propagation of the pit occurs when critical

[3.4]

environmental conditions occur that no longer allow repassivation of the metal. Chloride
ions prevent repassivation; a critical concentration of CI™ in the film is therefore necessary
to allow propagation of the pit. The total current density (ia) of the anodic process can be
written as a sum of two terms, as shown in Eq. [3.5], where iy is the current density of the
process that takes place uniformly over the passive surface and ipit is the contribution from
the formation of localized pits

lg = Iy + ipi [3.5]
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In addition to transient phenomena related to the potential scanning rate, iy corresponds
to the passivity current. The term ipit is zero under passive conditions, while it assumes a
non-zero value when the potential (E) exceeds the pitting potential (Epit) and the attack is
initiated. During the propagation phase of pitting corrosion, ipit is significantly larger than
lu. Considering the equilibrium conditions for the reaction shown in Eq. [3.4], McCafferty
109 hroposed a relationship between Epit and aci—, valid at constant pH:

( dEp;; ) -n rant

_— = —) = constan

dlog[Cl~] 5( E [3.6]
PH 3 (2.303RT)

This relationship was verified by observation of a linear trend when plotting the relevant
experimental variables on a semi logarithmic scale in several previous studies.®!13114
According to Eq. [3.6], the gradient of Epit vs. aci” is proportional to the number of chloride
ions, n, diffusing into the oxide via oxygen vacancies, following Eg. [3.2] and [3.3].
According to this model, the different gradients are due to the different concentrations of
chloride ions required to initiate pitting, where higher slopes correspond to a greater
resistance to the initiation of pitting. This relationship is used to study the different
parameters that characterize the corrosion behaviour of the aluminium alloy obtained by

means of LPBF technology.

3.3 Effect of surface finishing on the pitting potential of
AlSi10Mg

Figure 3-23 shows the pitting potentials as a function of the chloride ions activity of the
AIlSi10Mg specimens after stress relieving at 300°C for 2 hours, with as build surface
(AB) (printing and post processing heat treatment) and polished (P) surfaces. The heat
treatment at 300°C for 2 hours is the stress relieving treatment suggest to EOS company.
The chloride activity is calculated according to Dash et al'*® (Table 3-2). As a matter of
fact, the McCafferty model was developed for pure aluminium, whilst AISi10Mg alloy
contains silicon particles more noble than the Al matrix, the linear relationship proposed
by McCafferty® seems not to strictly fit the data due to relevant scattering.. The galvanic
effect of cathodic precipitates promotes pitting and the variations in the local pH caused
by the cathodic reaction can affect the passive film stability of aluminium.

The pitting potential can be determined only in the case in which the localized corrosion

initiates during the potentiodynamic test after a clear initial passive state. This condition
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was observed only for the P specimens at really low chloride concentrations under such
circumstances. The experimental pitting potential values (Figure 3-23) decreases with the
increasing of the chloride ion activity.

Conversely, when the pitting early initiates during the equilibration time at the beginning
of the test, the pitting potential cannot be estimated from potentiodynamic test. The free
corrosion potentials for the curves having almost active behaviour are also showed. This
condition was observed at very high chloride activity for one P specimen (of a total of
three) at ac)-=0.05M and for all the P specimens tested in solutions of ac.=0.34 M. The
values of these specimens overlapped the trend of the AB specimens, which always
showed initiation of pitting during the equilibration time, before starting the

potentiodynamic scan.
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Figure 3-23: Effect of chloride ion activity on the pitting (full symbols) and corrosion potential (empty
symbols) of P and AB specimens -heat treated at 300°C- in an aerated NaCl solution at 23 °C. The
corrosion potentials were measured when pitting started during the equilibration time, before the
potentiodynamic tests.®

Table 3-2: Activity of chloride ions
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NaCl aCl-
(g/L) (mol/L) ver (mol/L)
35 0.6 0.563 0.34
35 0.06 0.785 0.05
1 0.02 0.858 | 0.015
05 0.01 0.962 | 0.008
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The higher resistance to the initiation of localized corrosion of the P specimens compared
with the AB ones was confirmed by analysis of the of the polarization resistance (Rp)
values measured in the range of + 10 mV vs. Ecorr. The value ia (Eq. (5)) was calculated,

117

as shown by Evans and Koehler**" using the Stern—Geary relationship and the polarization

resistance:

Here, k can be evaluated using the slopes of the polarization curves of the anodic (ba) and

cathodic (bc) process using the following relationship:
o babe
2.3(by + b.)
If the alloy is passive, the slope of the anodic polarization curve is much higher that of
the cathodic one, which was =120 mV/decade and coincided with that of the hydrogen
cathodic process. This resulted in a k value of 52 mV. In this case, ipit did not contribute
to the total anodic current, and ia coincided with iy. Figure 3-24 shows the corresponding
Iy values as a function of aci- for the P specimens that remained passive during the
equilibration time. On the contrary, for the AB specimens, for which the pitting was
initiated during the equilibration time, the value of the current density measured by means
of the Rp gave the value for ia (see Eq [3.5]). In this case, a k value of 26 mV/decade is
adopted, consistent with an active corrosion process. A linear correlation between i, and
aci- was also observed, with values one order of magnitude higher than those of the P
samples. This difference can be ascribed to the difference in the exposed areas (due to the
higher roughness of the AB specimens compared to the P specimens), and to the

contribution of the active dissolution of the alloy inside the pit.
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Figure 3-24: Effect of chloride ion activity on the current density i, of P samples heat treated at 300°C
and iz=(iy + ipir) for AB specimens, evaluated using the polarization resistance.®

The different behaviours of the P and AB specimens can be explained considering the
different passive film properties, where the former was spontaneously formed in air, and
the latter formed during processing and subsequent heat treatment. During the LPBF
process, the oxide film was initially formed during solidification in the argon chamber,
in an environment with a very low oxygen partial pressure. Subsequently the oxide film
grew during the heat treatment — performed in air — used to reduce the residual internal
strains introduced during processing. Polishing removed the oxide film present on the AB
specimens, which allowed reformation of a film more resistant to the action of the
chlorides. Furthermore, as the surface roughness was reduced, the number of critical sites
for pitting initiation also decreased. However, polishing cannot completely eliminate
residual pores on the surface, which act as preferential sites for pit initiation. The onset
of pitting at these sites can explain the experimental data that deviates from the usual
behaviour of the polished surface, approximating those obtained on the unpolished as-
built surface, as the internal porosity of the P specimens with the passive film was the
same as that of the AB specimens.

The composition of the oxides formed on AB and P specimens was investigated using
XPS (Figure 3-25 and Figure 3-26).6
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Figure 3-25: XPS spectra measured during milling of the oxide films on the AB specimens.®
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Figure 3-26: XPS spectra measured during milling of the oxide films on the P specimens. ©

The surface oxides on the AB and P samples had different compositions, but they
maintained the same acid—base properties, as noted by Van den Brand et al'!’, as oxides
formed spontaneously in air or oxidized at high temperature. According to Pech-Canul et
al.!*® the oxide formed on the AI-12% alloy incorporates silicon and silicon oxide
particles, which makes it more resistant to pitting initiation than pure Al. These particles
inhibit chloride from penetrating and diffusing through the film. However, in this case,
although the alloy had a Si concentration of ~10%, significant concentrations of Si were

not observed either in the passive film present on the AB specimens, nor in the oxide
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spontaneously formed on the P specimens. Vargel!!® described the spontaneous oxide
formed in air on Al surfaces as consisting of two layers. The inner layer of about 4 nm
thick, present at the metal—-oxide interface, acts as a barrier against corrosion, is compact,
amorphous, and forms immediately upon contact of the metal surface with air, regardless
of the temperature. Its kinetics of formation does not depend on the oxygen partial
pressure, while the thickness of the second layer of the film depends on temperature. The
latter grows on the barrier layer as a result of the hydration reaction with atmospheric
moisture. The final thickness is reached only after several weeks, sometimes even
months, and depends on the environment. High-temperature treatment modifies the
morphology of the passive film, increasing its thickness and crystallinity, while
increasing the porosity and producing microcracks, which decrease the corrosion
resistance compared to amorphous films. Such mechanisms may explain the lower Epit

values observed for the AB specimens compared to the P specimens.

3.4 Effect of heat treatment on corrosion behaviour of
AlSi10Mg

The previous paragraphs report the results about the electrochemical tests in function of
the heat treatments. Only the polished surface is considered in order to highlight the effect
of microstructure. Figure 3-27 shows pitting potential for the potentiodynamic anodic
polarization curves having a clear range of passivity as function of the activity of chloride
ions. The free corrosion potential values for the curves having almost active behaviour
are also showed.

For the UT condition, the pitting potential values decrease as the chloride activity
increases. At the highest chloride ions activity, it approaches free corrosion potential
because localized attack initiated since early immersion. After the heat treatment, the
specimens show a similar behaviour, but with lower pitting potentials, showing scattering
data. The heat treatment at high temperature lead to an active behaviour for concentrations
over 0.008 mol/L.

Despite data are very scattered, a logarithmic correlation between pitting potential and
activity of the chloride is clearly defined. Such a correlation is emphasized by the model
proposed by McCafferty!®®. However, the results show a slope that differs from the value

estimated by McCafferty for pure aluminium.
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The effect of heat treatment on the corrosion behaviour is underlined in the Figure 3-28,

which reported the pitting potential and the free corrosion potential at the lowest chloride

ions activity — 0.008 mol/L — as a function of heat treatment temperature.
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Figure 3-27: Free corrosion potential and pitting potential of LPBF specimens after different heat
treatment in relation with the activity of chloride ions.?
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The specimens heat treated in the range 200-400° C for 2 h show a reduction of pitting
potential with respect to the UT specimens, with values that approach the free corrosion
potential. The lowering of pitting potential denotes a reduction of resistance to localized
corrosion after the heat treatment at temperature usually considered for stress relieving.
In order to evaluate post processing heat treatment effect, the stochastic nature of pitting
initiation requires a statistical approach,'?! it was done for stainless steels, 12 copper,?
nickel*?* and aluminium alloys.'?>126

The scattering minimization was performed maintaining the chloride concentration
constant at the value of 0.02 M that allow a large passive range for most specimens
permitting the evaluation of pitting potential. A population of 8 specimens for each
condition (heat treatment and building direction) was used. In order to analyse the initial
conditions of the specimens, between the corrosion potential monitoring and the
potentiodynamic tests, the EIS spectra was performed.

The EIS spectra are similar for all the specimens immediately after dipping into the
solution. The low-frequency impedance modulus is high, and the phase angle is
approaching zero degrees, thus indicating stable passive conditions. Although it does not
correspond to the polarization resistance of the specimen, the difference between the
impedance modulus at low and high frequencies can nevertheless allow one to estimate
the order of magnitude of the oxide resistance and, so, to the protection conferred by the
protective film. Figure 3-29 shows these values for different heat treatments. For most
specimens, this difference in impedance modulus is between 10° to 10° Qcm? regardless
of the building direction and heat treatment. Such high values indicate the absence of
active zones of corrosion. In other words, the just-dipped specimens showed similar
values of the impedance modulus regardless of heat treatment and building direction,
because the mechanical polishing eliminated any differences in the passive film on the
surface, and the oxidation at air formed the same protective film on all the specimens.
Polishing, however, does not remove the poorly protective film formed at high
temperature during the manufacturing process that still remains inside emerging
porosities. In these zones, relatively high current densities can be hypothesized despite
the whole surface around the porosity is still passive. This causes a decrease in the

impedance modulus.
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Figure 3-29: Effect of heat treatment temperature on the difference in electrochemical impedance
modulus at 10 mHz and 40 kHz in 0.02M NacCl solution at 23 °C.

All the EIS spectra show one time constant, thus indicating passive behaviour of the alloy.
In fact, once the localized corrosion is initiated, the attack propagates with the dissolution
of the aluminium matrix mainly at the edge of the melt pool created by the laser scan
track. This selective corrosion process produces in the EIS spectra a clear separation of
the two time constants!?: one time constant was attributed to the cathodic process on the
silicon particles, which are more noble than the aluminium matrix and the passive film
on aluminium, while the second time constant is related to the corrosion of the a-Al phase
close by Refs.5127

The polarization resistance obtained by the potentiodynamic curves is well correlated to
the impedance modulus at low frequency, but unrelated to Ecor0r Esit, thus confirming the
stochastic nature of the localized corrosion initiation.

Statistical data analysis based on analysis of variance technique (ANOVA) was
performed. Data were grouped to carry out a two-way analysis with repeated measures,
being the building direction and heat treatment the two parameters and the number of
repetitions equal to 8 for each condition. The test was chosen to assess whether the
populations could be considered as part of the same population (null hypothesis) or they
have to be maintained separated (alternative hypothesis) from each other with a
confidence level (LOC) of 95%, which equates to declaring statistical significance at the
p-value lower than 5%. The analysis of main effects showed that the population
significantly differs only by considering the heat treatments with very low p-value, of
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about 0.8%. On the contrary, the building direction plays only minor role as the p-value
is high, being 33%. Hence, data were grouped by neglecting the different building
directions

and they have been analysed based on 16 specimens each heat treatment. No significant
interaction between the effects of heat treatment and the building direction on the pitting
potential of the alloy was found as the p-value is equal to 7,4%.
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Figure 3-30: Effect of heat treatment temperature on the cumulate frequency of the pitting potentials (16
specimens) (or OCP for the pitting was initiated during the equilibration time) in 0.02M NaCl solution at
23 °C.

A clear negative trend with the heat treatment can be underlined by the cumulative

frequency curves of the specimens with different heat-treatment. The pitting potentials
UT specimens are between -0.5 and + 0.8 V vs. SCE, while the pitting potentials of all
other specimens are relatively shifted towards more negative potentials. The specimens
heat-treated at 300 °C and 400 °C have similar OCP ranges, between -0.7 V vs. SCE and
+0.5 V vs. SCE. However, the distribution of the specimens treated at 400 °C is more
shifted to the right compared to 300 °C, and the average values of the pitting potentials
are one hundred millivolt lower than the specimens heat treated at 300 °C (-0.313 + 0.4
for the specimens heat treated at 400 °C and -0.207 + 0.4 for the specimens heat treated
at 300 °C). The alloy exhibits localized corrosion as the temperature of the heat treatment
increases. More complex seems to be the behaviour of the specimens heat treated at 200

°C, that present a very enlarged cumulative frequency distribution.
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3.5 Selective attack of LPBF AISil0Mg

The potentiodynamic tests as well as the intergranular tests evidence the corrosion
progresses via selective dissolution of the o-Al matrix, stimulated by the higher nobility
of the Si particles, which acted as cathodes (Figure 3-31).2 The attack preferentially takes
place at the melt pool borders and it is more pronounced with heat treatments at 200 and
300 °C. On the contrary the selective dissolution of the border of the melt pool disappears
as the heat treatment temperature increase at 400° C or more. The microstructural
differences between the border and the edge of the melt pool are strongly dependent on
the post processing heat treatment,5-128-130

Previous results in Harrison’s solution evidenced a selective attack of the edge of the melt
pool on specimens stress relieved at 300°C."**! Rubben et al.!?® observed a similar
electrochemical behaviour for the alloy in a 0.1 M NaCl solution, independently by the
heat treatments (artificial aging at 170 °C for 6 h, a stress relieving at 300 °C for 2 h, and
a stress relieving at 250 °C for 2 h), but the corrosion morphologies change from a
superficial corrosion attack coupled with micro-cracks along the melt pool boundaries for
the untreated specimen and 170 °C aged samples to a more severe penetrating corrosion
attack oriented along the melt pool borders. The long-term exposure of the samples to the
electrolyte seemed to cause more degradation of the 250 °C and 300 °C heat treated
samples than the un-treated ones. Rafieazad et al.’** investigated the effect of the
microstructure of heat treated specimen in the first stage of corrosion; they founded that
the corrosion morphology change from a penetrating selective attack along the melt pool
boundaries for the untreated and 200 °C heat treated samples to a more localized corrosion
in the a-Al matrix along the border of Si particles when the samples were heat treated at
300 °C, ascribed to the uniformity of the microstructure achieved after 300 °C heat
treatment.

Preferential attacks at the melt pool borders can be evidenced at the end of intergranular
tests, as shown in the 3.1 paragraph. The exposure of both XY and XZ polished specimens
allowed for better analysis of the morphology of the attack and enhanced the preferential
growth of the attack with respect to the melted pool border. Preferential corrosion of the
melt pool border can be attributed to the unique microstructure produced by LPBF
process. Analysis of the corrosion morphologies was done at both macro and micro scales.

The preferential attack of the melt pool borders could be clearly detected once the melt
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pool microstructure was determined by uneven silicon particle precipitation and element

segregation.

Figure 3-31: Energy dispersive X-ray spectroscopy (EDS) profile of aluminium (blue line), silicon (red
line),and oxygen (green line) in the correspondence of attacks on specimens (a) not heat treated; (b)
treated at 200°C for 2 h; (c) treated at 300 C for 2 h; (d) treated at 400 C for 2 h.%*

Cabrini et al.1% stated that the enhanced content of silicon in the solid solution in the melt
pool (due to the rapid solidification and cooling) increases corrosion resistance and the
formation of preferential dissolution path in HAZ due to the separation of silicon
idiomorphic crystals and produces local galvanic couples. The silicon network that
decorates the aluminium dendrites inside the melt pool could partially hinder the
aluminium matrix by decelerating the corrosion rate. Conversely, isolated particles in the
HAZ stimulate a-Al corrosion. For this reason, the dissolution rate of the melt pool border
was higher than the centre. The heat treatments at 200 and 300 °C promoted an increase
in size of silicon crystals around the a-Al phase at the border of the melt pool, thus
enhancing the intensity of the attacks. When the heat treatment temperature was further
increased to 400 °C (Figure 3-32), the melt pools were destroyed and the silicon particle

coalescence occurred and rounded second phases were formed. These changes of
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microstructure can justify the different corrosion rate after the heat treatment on the

specimens.

Figure 3-32: Microstructure of the XZ (Tpiaform 35 °C) Specimens heat treated at 400 °C

The SKPFM maps of the specimens untreated or thermally treated at 300 and 400 °C
showed Volta potential higher for the silicon phase than the a-Al phase. The SKPFM
maps reproduced the macrostructure of the specimens, highlighting the different silicon
distribution between the centre and edge of the melt pool.

The high-resolution profiles of Volta potential between the centre and the edge of the
melt pool evidenced higher differences between the Volta potentials of aluminium and
silicon at the border of the melt pool than in the centre both for untreated and stress
relieved at 300 °C samples (Figure 3-33-(a)-(b)). It is in agreement with the results
presented by Revilla et al.? and Rubben et al.}?® The SKPFM map of the specimen heat
treated at 400 °C did not present the melt pools, and the differences between aluminium
and silicon are lower than the values of the specimens untreated or treated at 300 °C at
the border of the melt pool, but not lower than the values inside the melt pool (Figure
3-33-(c)).
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Figure 3-33: Volta potential profiles od (a) XZ UT specimen; (b) XZ heat treated at 300°C for 2 h; (¢) XZ
heat treated at 400°C for 2 h;

The differences between the Volta potentials of aluminium and silicon in function of the
heat treatments temperature can be attributed to the variation of the o-Al potential, due
to the distribution of the alloy elements, while the silicon crystals do not solubilize
external elements, so their potential can be considered constant. The decrease of silicon

in the aluminium matrix should decrease its practical nobility and therefore the difference
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between the Volta potential of silicon and aluminium should increase. However, the
LPBF microstructure is characterized by strong inhomogeneities with strong local
difference composition and the heat treatment homogenize the composition thanks to the
solid diffusion. The effect of magnesium precipitates is also considered to explain this
behaviour. In fact, although magnesium is an element present in alloy in a concentration
much lower than silicon, its difference in nobility with aluminium and silicon is
considerable and could significantly change the measured Volta potential values. A
similar effect was observed for the alloy 7xxx where the precipitation of MgZn, increases
the Volta potential of aluminium matrix, the effect was confirmed by means of
conductibility analysis and TEM observation.*?

The precipitation of Mg.Si particles in the Al-Si-Mg alloys, after solubilization and
artificial aging, is well known and exploited for the strengthening of the alloy** but it is
difficult to individuate these particles, owing their nanometric size. In literature are
reported controversies on the presence of Mg.Si precipitates, that could be attributed to
the different manufacturing conditions such as the temperature of the building platform.
The EDS maps reported in literature for the alloy printed using a platform temperature of
200 °C, showed an increasing of the concentration of Mg and Fe at the cell boundaries.***
137 Fousova et al.13® reported that magnesium, owing to a higher diffusion coefficient with
compared to silicon, is located only in the intercellular network where it forms Mg2Si
phase by reaction with Si. Other authors affirmed that the intermetallic phases are mainly
AlgFeMgsSie.t571%° Hadadzadeh et al.!*® reported the presence of small quantities of
Mg2Si precipitates in the alloy AISi10Mg processed with building platform temperature
of 200 °C, in form of small precipitates colonies, mostly with needle-shape morphologies.
They affirmed that the evolution of Mg.Si precipitates is not predictable by means of
computational thermodynamics under both equilibrium and non-equilibrium
solidification conditions, but it seems heating cycles experienced by the material during
LPBF process lead to diffusion of Mg and Si atoms through the supersaturated o-Al
matrix and formation of Mg»Si colonies. Moreover, quenched-in dislocations have been
also identified as critical sites for nucleation and growth of MgSi.**! The quenched-in
dislocations were formed by means of the ultrafast cooling rates (103-108 K/s) achieved
during the process.*® On the contrary, the absence of phases different from aluminium

and silicon was found using a platform temperature of 100 °C.}424 In their work,
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Maeshima and Ohishi reported an average Mg content in a-Al of 0.1 at%, while the most
of the Mg is segregated at eutectic region at the surface of Si particles between a-Al and

144 It is in agreement with other results3+-%7

Si, since there is no solubility of Mg into Si.
but they did not found Mg»Si particles, but only Mg clusters and Mg-Si co-clusters in o-
Al. Mg clusters and Mg-Si co-clusters in LPBF specimens with the as-built state
accelerate the precipitation of Mg2Si or Si as nuclei by subsequent low temperature and/or
short-time heat treatments.'** Rubben et al*?® using a LPBF equipment without specify
the building platform temperature founded a slight accumulation of magnesium in the
silicon phase at the border of the a-Al cellular grains of the un treated specimens. For
these authors, could indicate the possible formation of Mg,Si precipitates, although the
formation of these precipitates has not been confirmed.

Based on these different results, an effect of the temperature of the building platform on
the magnesium distribution could be hypnotized. The different building platform
temperatures cause different cooling rates, for which a higher level of oversaturation of
magnesium in the aluminium matrix is achieved using low platform temperatures than in
the case of high temperatures. In this last case the formation of magnesium precipitates is
observed.

Literature data are controversial also on the temperature of precipitation of the Mg2Si
during the post processing heat treatments. Marola et al. 1* reported the results of the
DSC analyses of this alloy printed using the platform at 100 °C, with the evidence of
exothermic signals, attributed to the precipitation of Mg.Si around 317 °C and possibly
Fe-containing intermetallic around 340 °C. On the contrary, M. Rafieazad et al.'*
reported for the same alloy printed using the platform at 200 °C, the result of DSC
analysis, with two pecks, at 232.9 °C and 273.2 °C. The first temperature was attributed
to the precipitation of M@.Si in B" form, the second peak to the activation of Si
interdiffusion in Al, which would typically contribute to the precipitation, coarsening,
and spheroidization of Si particles in the alloy.'* The same author reported that heat
treatment at 232.9 °C can initiate the precipitation of the Mg.Si phase, providing
precipitation hardening characteristics for the alloy. The continuous softening in this alloy
is induced by further increasing the heat treatment temperature from 200 °C to 350 °C,
resulting in a drastic decrease in the microhardness value from 132 + 2 HVo1 10 69 + 2

HVo.1 owing to the increase of size and spheroidization of the silicon particles **°.
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In this thesis, the exo-electron emission (EEE) — performed by the university of Riga —
was used to evidence the precipitation of Mg»Si particles in the alloy.

The EEE is the non-stationary electron emission from solids originating from various
external excitations such as mechanical deformation, chemisorption, X-ray irradiation
and electron bombardment, which cannot be explained within the framework of the
classical photoelectric effect, thermionic emission, secondary electron emission or other
well-known processes 146, T. Gérecki and C. Gérecki reported EEE in correspondence of
phase changes and precipitation of second phases if the specimen is stimulated with
appropriate wavelength light.14"-14° Sujak and co-workers investigated the EEE during
the early stage of the spontaneous aging (also at room temperature) of the industrial PA-
4 alloy, homogenized at 810 K and quenched in ice water.1*® A maximum on the decay
curve of the EEE intensity was observed whose position corresponded to the maximum
rate of the precipitation of the MgSi phase. The observed decay for the EEE during the
precipitation of the Mg>Si phase can be attributed to the annihilation of the crystal lattice
defects created during the quenching procedure.**

A similar situation could be supposed for the LPBF process, where the high cooling rate,
characterizing the melt pool solidification using a temperature of the building platform of
100 °C, avoids the precipitation of the Mg>Si. The heat treatment at 300 °C provokes the
beginning of the precipitation of these particles from the aluminium matrix, while the
spheroidization of silicon particles takes place during the heat treatment at 400 °C. In this
way, the EEE of the untreated specimens showed a high exo-electron emission in the
temperature range of the precipitation of Mg.Si, the emission decreases for the heat
treated specimens because the precipitation of these particles was mainly during the heat
treatment (Figure 3-34).

The presence of Mg.Si particles could explain the decreases of corrosion resistance of the
alloy printed with the building platform temperature of 100 °C, with the heat treatment.
The Mg.Si particles have a nobleness lower than aluminium and silicon. The corrosion
potential of pure aluminium, silicon and MgSi reported by Birbilis and Buchheit in

neutral chloride solutions at different concentration, are summarized in Table 3-3.1°
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Figure 3-34: Curve integrals of the exo-electron emission for different heat treatment temperatures

Table 3-3: Precipitate corrosion potentials for different chloride content.*>
Corrosion potential (mV vs. SCE)

Phase in neutral NaCl solution at different concentration
0.01M 0.1M 0.1M
Pure Al (99.9999) -679 -823 -849
Pure Si (99.9995) -450 -441 -452
Mg.Si -1355 -1538 -1536

Linardi et al. affirmed that Mg2Si phase is stable in solutions of pH from 8 to 14, but at
pH values lower than 8, it undergoes selective magnesium dealloying.'®

Silicon has higher practical nobility than aluminium, but it is a bad cathode for the oxygen
reduction or hydrogen evolution reaction. In the 6xxx alloys, an optimal ratio between
Mg and Si improve the resistance of the alloy to intergranular corrosion because the
precipitation of second phases Mg»Si avoid the segregation of silicon at the grain border,
and its stimulation of corrosion. On the other hand, the magnesium rich particles
instantaneously react when the alloy is dipped in the aggressive solution with the
magnesium preferential dissolution. It is not proven that the reactivity of the magnesium
rich particles influences the pitting potential, because their effect run out in few minutes,
but the high cathodic activity associated to their anodic dissolution can alkalinizes the

aluminium surface and can destabilize its passive film, causing its subsequent corrosion.
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The accumulation of MgSi particles at the edge of the melt pool could therefore
contribute to its selective corrosion.>?

The effect of heat treatment at 300 °C on the specimens used in this work (realized on
specimens with Tpiatform OF 100 °C) is to increase the magnesium precipitation, probably
mainly at the edge of the melt pool. In this way, the selective corrosion of this zone
increases with the heat treatment.®12° Increasing the heat treatment temperature, the
silicon particles coalescence decreases this effect. Unfortunately, the size of these
particles prevents their determination and more deep analysis, for example at the TEM,

should be performed to confirm this hypothesis.
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CHAPTER

EXPERIMENTAL STUDY OF ALLOY 625

The aim of this chapter is to compare the corrosion resistance of nickel-base alloy 625
(UNS N06625) produced by laser powder bed fusion with hot worked alloy traditionally
used in oil and gas plant.

The corrosion assessment was performed at the University of Bergamo by means of
electrochemical tests and solution weight loss tests. The specimens were printed and heat
treated at the Politecnico di Torino. The characterization of alloy 625 specimens by means
of EBSD and SKPFM techniques was conducted at the University of Manchester.

The specimens were printed at the Politecnico di Torino using Eos M270 Dual Mode
machine already descripted above. A gas atomized alloy 625 powder provided by EOS
GmbH was use. The nominal composition of the powders and the composition of a printed
part obtained by Politecnico di Torino via inductively coupled plasma (ICP) and Leco
system, were reported in Table 4-1. The distribution if the powders size is within the
range with a dip of 16 um and dgo of 48 um calculated using a laser granulometry
diffraction.'®® A traditional hot worked (HW) material provided by a company operating

in the oil and gas field, having similar chemical composition, was also used (Table 4-1).

Table 4-1: Nominal chemical composition of alloy 625 powder, of massive LPBF and of Hot Worked

material.

Element HW alloy Alloy 625 Alloy 625
(Yowt) 625 powder®™* measured
C 0.036 <0.1 0.01
Si 0.25 <0.5 0.08
Mn 0.19 <0.5 0.03
P 0.007 <0.015 <0.001
S 0.001 <0.015 0.002

Cr 21.6 20-23 22.4
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The Table 4-2 shows the mechanical properties of LPBF specimens tested before the post

Mo 8.26 8-10 8.2
Nb 3.66 3.15-4.15 3.73
Ti 0.24 <0.4 0.18
Al 0.2 <0.4 <0.01
Co 0.02 <1 0.17
Ta 0.01 <0.05 0.13
Fe 3.1 <5 0.45
Nb+Ta 3.67 3.2-4-2 3.86

processing heat treatment and the properties of the hot worked one.

Table 4-2: Mechanical properties of LPBF alloy 625

Building Rpo.z Rm A% Hardness
direction [MPa] [MPa] HRC
LPBF as XY 725 +50 990 +50 355 26,6
printed XZ 615 +50 900 +50 42 +5 27,17
Hot worked - 415 830 30 17,7

Different specimen geometries were used for the corrosion tests:

e Cylindrical specimens with 15 mm diameter and 5 mm height

e Cubic specimens with 15 mm edge

e Tensile specimens for slow strain rate tests

e Flat U-bend specimens
The specimens manufactured via LPBF were tested in two conditions: without heat
treatment (named LPBF-UT specimens) and after annealing at 980 °C for 32 minutes
followed by water quenching (also known as “grade 1) as commonly used in the
Oil&Gas industry and they are named LPBF-HT specimens. The hot worked specimens
were also subjected to the same heat treatment and are named HW.
The LPBF specimens without post processing treatment of surface are named as built

(AB); their rough surface obtained under confocal microscope are shown in Figure 4-1.
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Figure 4-1: Confocal microscope image of the XY as-built surface

The specimens marked as P (Polished) were grinded by abrasive paper and polished by 1
pum diamond past.

After polishing, they were passivated in air for 1 hour before corrosion tests. Before
SKPFM and EBSD analysis, colloidal silica was used by polishing of surface for 30
minutes. All specimens were degreased in acetone just before the tests.

Weight loss tests in hot acids

Weight loss tests were carried out according to ASTM G31 in 10 % of hydrochloric acid
at 20°C and 60°C and in 50% of sulfuric acid at 50° C, 80° C and boiling temperature.
The specimens were placed in a 1L flask with a reflux condenser. Boiling Chips were
used to prevent bumping. The apparatus was heated by used a water bath and the
temperature was controlled by thermometer during the tests.

Before the tests, that were repeated twice, all the specimens were grinded using SiC
papers up to 1200 grit, one face in XZ direction and one in XY direction were polished
with 1 um diamond paste for scanning electron microscope (SEM) observations. Then,
they were weighted 3 times. After 24 hours the specimens were extracted from the
solution, washed with water, rinsed in acetone, and weighted again in order to establish
the weight loss.

The corrosion rate was calculated by the equation [4.1]:

(K-W)

Veorr = @ATD) Eq [4.1]
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Where:

+ K is a constant equal to 8.76-10* with corrosion rate in mm/y

* T is the exposure time (h), approximated to 0.01h

+ A is the exposed surface (cm?), approximated to 0.01 cm?, the contribute of the
roughness became negligible after the polished at 1200 grit.

* W is the weight of the sample (g), approximated at least to 1mg

+ D material density, that for the alloy 625 is 8.44 g/cm?®

After the exposure, each specimen was observed by SEM.

Intergranular tests

Intergranular corrosion 120h tests in boiling ferric sulphate/sulfuric acid were carried out
according to ASTM G28 standard, method A. Before testing, the surface of cubic
specimens was grinded up to 1200 grit by silicon carbides emery paper. Two faces of
LPBF specimens were ground and polished up to 1 um diamond paste in order to permit
observations of corrosion morphology on main planes. Only the transversal plane to
rolling direction was polished on disk specimens. Just before their immersion in the
boiling test solution, the specimens were degreased in acetone in ultrasonic bath, rinsed
in water and dried. Before and after tests, the specimens were weighed by means of
analytic scale to measure the weight loss and corrosion rate. The corrosion rate was
calculated by the equation [4.1].

Finally, the specimens were observed by SEM.

Critical Crevice Temperature (CCT) tests

Critical Crevice Temperature (CCT) tests were performed based on the ASTM G48-
Method D using a customized Anderson device (Figure 4-2) with elastic ties as employed
by other authors.*®® The same methodology was used to test LPBF and HW specimens

and the surface exposed was 13 cm?.
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Figure 4-2: Customized Anderson device on the LPBF cubic specimens

Two parallel face cubic specimens were grinded as indicated by the standard.

The tests were conducted in 1L flask using a solution with 6% of FeCls and 1% of 37%
HCI. After 72 hours, the specimens were extracted from the test solution, scrubbed with
a nylon bristle brush under running water and rinsed in acetone in order to remove the
incoherent products.

The temperature was controlled with a thermostatic bath and maintained constant
throughout each test. Several tests were conducted at different temperatures between
20°C and 40°C with a 5°C increase. All specimens were weighted before and after the

tests in order to establish their weight loss. Finally, each specimen was observed by SEM.

Critical pitting temperature test

The tests were carried out according to ASTM G48 using the methodology reported
above. The specimens were grounded up to 1200 grit and passivated for 30 minutes in
50% nitric acid at 60°C in order to avoid the crevice corrosion. They were immersed for
72 h with the grounded surface on the top. Then, they were extracted of the test solution,
brushed with polymeric brush and rinsed in acetone in order to remove the incoherent
products and observed by SEM.

Stress corrosion cracking test

The experimentation was carried out in a 1L flask using magnesium chloride at 155°C
according to ASTM G36 and at 170°C. The flat specimens were prepared and stressed,
according to ASTM G30(Figure 4-3). The yield stress was maintained by alloy 625 screw.
The duration of the tests was 7 days, with intermediate observations of the state of the
samples every 24 hours at 50 magnifications to verify the presence of cracks.
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Figure 4-3: Bending of the flat specimens

Potentiodynamic tests

Electrochemical tests were performed by using Ivium Compastact and Metrohm Autolab
PGSTAT302.

The potentiodynamic tests were performed in a 1L standard three electrode cell (ASTM
G5) using a PTFE sample holder with exposure area of 1 cm?, a Saturated Calomel
Electrode (SCE) and two graphite counter electrodes. Before the test, the solution was de-
oxygenated with bubbling of nitrogen. The cell was heated using a water bath and the
temperature of the test solution was monitored via a thermometer. Before the cyclic
potentiodynamic tests, the open circuit potential (Ecorr) Was monitored for 10 minutes.
The potentiodynamic tests were carried out according to ASTM G5 using 10 mV/min as
scan rate value. For the solutions do not mentioned by the standard, the polarizations were
conducted from 10 mV below the Ecorr up to 1 V vs. SCE or until the anodic current
density reached 10 mA/cm?. Finally, a reverse scan rate was used to returned to the initial
open circuit potential value.

The potentiodynamic tests were conducted in three different environments:

1) 0.5 M H2SO4 — according to ASTM G5 at 30 °C

2) 35 g/L (0.6 M) NaCl + HCI (103 M), pH 3 at 40 °C

3) 35 g/L (0.6 M) NaCl, pH 7 at 40 °C

In the end, each specimen was observed by SEM.
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Potentiostatic tests

The potentiodynamic setup was also used for potentiostatic tests that they were carried
out in 35 g/L (0.6 M) NaCl at pH 7 at +0.2 V or +0.5 V vs. SCE for 24 hours, with an
acquisition rate of 1 Hz and were repeated twice. Finally, specimens were observed by
SEM.

Slow Strain Rate
The Figure 4-4 shows the geometry of the specimens used for slow strain rate tests. The
specimens were polished manually with SiC paper up to 1200 grit in order to remove the
manufacturing tracks. The tests were conducted in two different setups. In the first
experiment setup the specimen was cathodically polarized at -1.1 V vs. Ag/AgCl (3M
KCI) in sea water (according to ASTM D1141) at 8.2 pH (using 2052 AMEL instrument)
and loaded with a strain velocity equal to 3.15*10° s. Then, in the second setup the
specimen was cathodic charged at -1.1 V vs. Ag/AgCl in sea water at 8.2 pH for 16 hours
(that is the total duration of the test using the first setup) and after it was loaded using
3.15*%10° st strain velocity without removed the polarization. All these results were
compared to which obtained in air at 3.15*10° s strain velocity.

The susceptibility to SCC was expressed in terms of the area reduction percentage (RA%)
calculated by the equation [4.2] according to the NACE TM-0198 standard:
(D} —D?) * 100

D2

L

RA% = Eq [4.2]

The area reduction ratio after fracture for the specimen cathodically polarized (RAp) to
the corresponding value determined in the control environment (RAair) was calculated

according to the equation [4.3]:

RAcp
SCC = Eq [4.3]
RAair
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Figure 4-4: Geometry of the SSR specimens

Electron Backscattered diffraction (EBSD)

The microstructure was characterized using SEM-EBSD. Grain orientation maps, with a
typical dimension of 1.0 mm x 0.8 mm, were acquired in a FEI Quanta 650 FEG-SEM
equipped with a Nordlys EBSD detector from Oxford Instruments. The accelerating
voltage used was 20KV and the step size used for the maps was 300nm. The data presented

with inversed pole figures (IPF) were processed using HKL Channel 5 software.

Scanning Kevin Probe Force Microscope (SKPEM

Scanning Kelvin probe force microscopy (SKPFM) was used to obtain maps of the
topography and surface potential (Volta potential) of the polished alloy 625 samples.
Measurements were performed in a Dimension D3100 AFM using platinum-coated tips
(type OSCM-PT) with 25nm tip radius. Acquisition was performed in amplitude
modulation with 80nm scan lift height and maps were acquired over 80um X 80um
regions with 0.1 kHz scan frequency. Each scan was composed of 512 lines, giving a
theoretical resolution of approximatively 150 nm per pixel. Measurements were

performed at room temperature and humidity.

Hardness tests
The Vickers hardness tests were executed according to UNI EN 1SO 6507-1:2018

standard using 2 kg load and 15 s waiting time. Instead, the Rockwell C tests were carried
according to UNI EN ISO 6508-1:2016. The tests were repeated 5 times in order to

increase the accuracy of the mean values.
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4.1 Results on alloy 625

Tests in acid solutions

The Table 4-3 reports the weight loss for the solution containing 10% of HCI at 20 °C
and 60 °C. The corrosion rate obtained at 20°C was about 0.13 mm/y for the HT-LPBF
specimens, about 0.14 mm/y for the UT-LPBF and 0.15 mm/y for the hot worked. The
test carried out at 60 °C showed that the LPBF-UT reduced of 17% the corrosion rate in
comparison with the HW. The heat treatment improved the corrosion resistance of 3D

alloy allowing the reduction of corrosion rate about 40%.

Table 4-3: Weight loss in 10%HCI for different temperature test
. Test Specimen Surface Initial Fi_nal V
Specimen | Temperature no exposed weight* [q] weight* | AM [g] [mr;)/r;/]
[°C] [cm?] [a]
20 1 6.22 7.90872 7.90650 |0.00222| 0.15
HW 2 5.54 5.08706 5.08531 |0.00176| 0.14
60 1 6.32 7.97060 7.93582 |0.03478| 2.38
2 5.55 5.24564 5.21348 |0.03215| 2.50
20 1 13.25 27.5255 27.5213 |0.00423| 0.14
LPBE UT 2 13.24 27.4436 27.4395 |0.00401| 0.13
60 1 13.30 27.8175 27.7541 |0.06346| 2.06
2 13.50 27.82110 | 27.7589 |0.06218| 2.01
20 1 13.18 27.75638 | 27.7529 |0.00350| 0.11
LPBFTT 2 13.23 27.27661 | 27.2725 |0.00414| 0.14
980°C 60 1 13.44 28.05884 | 28.0139 |0.00450| 1.43
2 13.36 27.53871 | 27.4938 |0.00495| 1.46

* average of 3 weights with standard deviation of 0.00001 g

The Figure 4-5(a) reports the morphology of attack observed on LPBF-UT-XY exposed
at 20 °C. The presence of emerging porosity (about 30 um) does not lead to localized
attack. Instead at 60 °C, the specimens showed a more intensive but uniform corrosion
attack (Figure 4-5(b)). The XZ surfaces underwent similar attack. The test carried out at

60°C highlighted the typical melt pool structure embedded in this technique (Figure 4-6).

SN

(a) SN L £XT S (b)

Figure 4-5: Morphology of attack on LPBF-UT-XY specimen after the test at (a) 20°C and (b) 60°C
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For the tests carried out, the presence of second phases was not identified.
The specimens obtained from the hot worked bar, after the test at 20 °C, showed a large
quantity of second phases at the edge of the austenitic grains, with diverse sizes and

shapes as shown in Figure 4-7.

100 pm

Figure 4-6: Morphology of attack on LPBF-UT-XZ specimen after the test at 60°C

Spectrum 3

Spectrum 2

Spectrum 1

Figure 4-7: Attack morphology after the test in 10% of HCI at 20°C on HW specimen with the indications
of EDS analysis

The EDS spectrums were performed at three different points of the specimen, one at the
centre of the grain (spectrum 2), one on the largest precipitate (spectrum 3) and finally
one on the smaller precipitates (spectrum 1). Table 4-4 shows the chemical composition
in weight percentage of the precipitates analysed with respect to the base material at the
centre of the grain. The EDS analysis demonstrated that the second identified phases were

particularly rich in niobium, molybdenum and carbon.

Table 4-4: EDS spectra on the grain boundary precipitates
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Spectrum C Si Ti Cr Fe Ni Nb Mo Total
1 11.13 1.88 15.46 1.68 37.66 10.88 21.32 | 100.00
2 2.61 0.43 | 024 | 21.70 | 2.70 | 56.62 4.88 10.82 | 100.00
3 14.61 2.74 | 3.46 0.34 6.69 72.17 100.00

At the temperature of 60 °C a heavy attack was detected near the precipitates at the grain
boundary (Figure 4-8(a)). The corrosive attack of the acid involved even the austenitic
matrix. The EDS analysis carried out on the surface showed that the precipitates were
rich in titanium, niobium and carbon (Figure 4-8(b)). From Figure 4-8, it is evident that
this test temperature leads to a greater dissolution of the metal matrix around these

particles.

Electron Image 1

20

20

Thanium Ka1 Niobium Lat Carbon Kai_2

Figure 4-8: Morphology of the hot worked specimen after the test at 60° C (a) and EDS analysis of the
precipitates (b)
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The SEM analysis of LPBF HT specimens confirmed a stronger attack at 60 °C than 20
°C (Figure 4-9). Figure 4-9(b) denotes the lack of melt pools with comparison to the

specimen without heat treatment. No second phases were detected during the SEM

analysis of LPBF HT specimens.

Figure 4-9: Morphology of the (a) LPFB-XY and (b) LPBF-XZ specimens after the test at 60° C

The tests carried out in a 50% solution of sulfuric acid indicated a strong reduction of the
corrosion resistance for the LPBF specimens with respect to HW (Table 4-5).

The corrosion rates of the LPBF UT specimen at 50° C was greater than 582% compare
with the hot worked one. The heat treatment led to an improvement in the corrosion
performance of the 3D printed alloy with values amplified around 405%.

The tests carried out at 80 °C confirmed that the specimens obtained with LPBF were
prone to showing corrosion rates well above the hot worked bar. Untreated cubes showed
an average value about 7 times higher than HW; the behaviour of the specimens subjected
to soft annealing is better, although the corrosion rates remain extremely high, where the
ratio was about 5 times.

At boiling temperature, the trend just described was remarked.

After the test at 50°C, the LPBF-UT XY and XZ specimens showed a slight attack that
evidence the microstructure constituted by melt pools (Figure 4-10).

At high magnification, columnar and cellular dendritic microstructure was identified for
XZ specimen (Figure 4-11). Small particles decorated the border of these structure or they
were recorded inside the cellular grain. However, the EDS was not able to distinguish the
composition.
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Table 4-5: Weight loss in 50% H,SO, for different temperature test (* three measure average with

standard deviation equal to 0,00001 g

. Temperature | Specimen Surface Initial Final Veorr
Specimens [B’C] P n° [cm?] weight™ [g] | weight™ [g] AM [¢g] [mm/y]

50 1 6.22 7.82815 7.82702 |0.00113 0.08

2 5.41 4.96038 4.95873 |0.00165| 0.13

1 6.25 7.79288 7.77549 |0.01739 1.20

Hot Worked 80 2 5.49 491364 | 4.89847 |0.01787| 1.41
126 1 5.12 5.00260 453182 |0.47078 | 39.77

2 5.79 6.66708 6.23011 |0.43697 | 32.62

50 1 13.38 27.81963 | 27.79627 |0.02336| 0.75

2 13.52 28.47383 | 28.45735 |0.01647| 0.53

1 13.22 27.61722 27.27209 [0.34513| 11.29

LPBF UT 80 2 13.45 28.32926 28.11942 |0.20984 6.75
126 1 9.88 27.25497 16.90555 |10.3494 | 452.81

2 12.51 27.20918 2493778 |2.27141| 78.50

50 1 13.47 28.28090 28.27089 |0.01001 0.32

2 13.41 27.95692 27.93910 |0.01782 0.57

LPBF HT 80 1 13.31 27.95211 27.80707 |0.14504 471

980°C 2 13.27 27.78782 27.57342 |0.21440 6.99
126 1 12.48 27.40367 2477235 |2.63132| 91.16
2 11.93 26.94509 23.33480 |3.61029| 130.90

* average of 3 weights with standard deviation of 0.00001 g

Figure 4-10: Morphology of the corrosion attack after the test for the (a) XY and (b) XZ LPBF UT
specimens
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0 Cellular dendrites#ie:

Figure 4-11: (a) Columnar and dendritic structure and (b) particular of cellular grain at high
magnification of XZ LPBF UT specimen

A strong damage for the metal matrix was recognized when the temperature reaches the
boiling point (126°C) for both the building directions of the untreated LPBF specimens
(Figure 4-12).

Figure 4-12: LPBF UT (a) XY and (b) XZ morphology after exposure at boiling sulfuric acid

The same test performed on HW specimens at 50°C showed corrosion morphology
similar to already observed in HCI with a large number of precipitates (Figure 4-13). The
effect of the temperature was to increase the corrosion rate (Figure 4-13(b)). The EDS

test was reported in Table 4-6.
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Figure 4-13: Attack morphology after test in H2SO4 performed at (a) 50 °C and (b) boiling point on HW
alloy.

Table 4-6: EDS result performed on the particle reported in the previous figure.
Spectrum 1 Ni Cr Nb C Ti Fe Total
% W, 9.84 4.16 67.64 15.71 2.12 0.53 100

At the end of test at boiling point, the LPBF specimens after heat treatment presented a
morphology similar to the traditional alloy, without the grain boundary precipitates
(Figure 4-14).

Regarding to the same specimens after the test at 50°C the corrosion attack was less
intensive. The XZ surface showed again columnar structure inside the grain not
completely recrystallized (Figure 4-15).

The tests carried out at 80°C for all the samples stayed in intermediate condition.

Figure 4-14: LPBF-HT (a) XY and (b) XZ morphology after the test at boiling point.
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Figure 4-15: Morphology attack after the test at 50°C for the LPBF-HT-XZ specimen with a columnar
dendrite inside the grain.

Intergranular corrosion test— ASTM G28

The intergranular corrosion results are reported in the Table 4-7. It is possible notice that
the corrosion rate for the traditional alloy was about two times with respect to LPBF UT
and about 3 time with respect to LPBF-HT.

Table 4-7: Results after intergranular tests

Specimens | Specimen n® S[l:: rrl;azc]:e we:g;wt':’el[g] weizlr?til [q] AM [g] Veorr [MM/y]
Hot Worked 1 6.04890 6.73923 6.63074 0.10849 1.55
2 6.12928 7.16643 7.06459 0.10184 1.44
LPBE UT 1 13.50364 28.23744 28.12392 0.11352 0.73
2 13.34959 27.03907 26.92816 0.11091 0.72
LPBF HT 1 13.05692 28.24230 28.16770 0.07460 0.49
980°C 2 13.12011 28.34171 28.26959 0.07212 0.48

* average of 3 weights with standard deviation of 0.00001 g

After the tests, the metallographic sections were realized for all the specimens in order to
observe the morphology and the penetration of the selective attack. The Figure 4-16
reports the selective attack on the LPBF UT specimen. The attack was very slight as

suggest by the very low corrosion rate (Figure 4-16).

82



CHAPTER 4

EXPERIMENTAL STUDY OF ALLOY 625

Figure 4-16: Cross section after intergranular test on LPBF UT (a) XY and (b) XZ specimens

The post processing heat treatment improved the resistance of selective attack. The Figure
4-17 shows the cross section after the ASTM G28 test. The LPBF HT had only small
attack along the XY plan but the damage remained neglectable.

Figure 4-17: Cross section after intergranular test on LPBF HT (a) XY and (b) XZ specimens

The observation on traditional alloy was performed on the cross section realized into a
plane parallel to the main direction of the bar. The Figure 4-18 (a) reports a very intensive
selective attack that penetrating for 200 um confirming the analytic corrosion rate. The
attack was more intensive at the centre of the bar with comparison to the border. The
selective attack corroded the border of austenitic grain, as reported in Figure 4-18 (b) after

oxalic acid.
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Figure 4-18: (a) SEM image after intergranular test on HW specimens and (b) particular at high
magnification of selective attack after oxalic acid .

Critical Crevice Temperature test

The following table reports the results of critical crevice temperature performed at 20, 25,

30 and 40°C. The standard indicates that the attack become considerable if the weight and

surface ratio is equal to 0,0001g/cm?.

Table 4-8: Critical crevice temperature results

. Initial Final N° sector
Specimens |Temperature Spechen Surfazce weight weight | AM[g] with AM//Surt;ace
n [cm?] [a]* [o]* number | [976M°]
20 1 13.37 | 27.81113 | 27.81097 |0.00016 1 0.00001
2 13.49 | 28.22556 | 28.22527 |0.00028 2 0.00002
25 1 13.51 | 28.26928 | 28.26580 |0.00348 3 0.00026
LPBE UT 2 13.46 | 28.15209 | 28.15198 |0.00010 1 0.00001
30 1 13.50 | 28.28908 | 28.28890 |0.00018 0 /
2 13.47 | 28.08707 | 28.08156 |0.00550 6 0.00041
40 1 13.37 | 27.78046 | 27.76883 |0.01163 7 0.00087
2 13.14 | 27.22880 | 27.20368 |0.02513 10 0.00191
20 1 10.92 | 23.37711 | 23.37699 |0.00012 1 0.00001
2 11.60 | 25.75445 | 25.75427 |0.00017 1 0.00001
25 1 11.12 | 24.10286 | 24.08978 |0.01307 7 0.00118
Hot 2 11.51 | 25.69168 | 25.67783 |0.01385 6 0.00120
Worked 30 1 11.20 | 24.39887 | 24.39482 |0.00405 2 0.00036
2 11.40 | 24.98829 | 24.94103 |0.04726 4 0.00414
40 1 10.92 | 23.33335 | 23.29643 |0.03691 4 0.00338
2 11.08 | 23.96001 | 23.85351 |0.10650 11 0.00961
20 1 13.50 | 28.25766 | 28.25740 |0.00026 2 0.00002
2 13.55 | 28.57210 | 28.56950 |0.00260 0 /
25 1 13.47 | 28.33384 | 28.33339 |0.00045 4 0.00003
LPBF HT 2 13.54 | 28.54620 | 28.54583 |0.00037 2 0.00003
980°C 30 1 13.54 | 28.53434 | 28.53026 |0.00408 3 0.00030
2 13.57 | 28.42263 | 28.41562 |0.00701 6 0.00052
40 1 13.50 | 28.20869 | 28.18991 |0.01878 4 0.00139
2 13.21 | 27.56083 | 27.52825 |0.03258 12 0.00247

* average of 3 weights with standard deviation of 0.00001 g
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The LPBF-UT specimens exhibited a critical crevice temperature of 25 °C. Only one
specimen underwent the attack with a value equal to 0.00026 g/cm?. The same critical
temperature was found for hot worked alloy, achieving a value of 0.00120 g/cm?.The
LPBF heat treatment specimen showed a critical crevice temperature of 30 °C.

The Figure 4-19 shows the morphology after the test at 20°C, all the specimens underwent

a slight damage far from the crevice attack.

Figure 4-19: Morphology after CCT test at 20°C for (a) LPBF-UT, (b) HW and (c) LPBF-HT

At 25°C, the LPBF-UT specimens underwent the crevice corrosion, as highlighted in the
Figure 4-20. Inside the crevice, the typical columnar and cellular structure was found.

3

Figure 4-20: Morphology of the attack at 25°C on LPBF UT (@) at low magnification and (b) at high
magpnification

The traditional material showed a morphology that emphasised the austenitic grains with

the precipitates rich in niobium and titanium, as reported in Figure 4-21 and Table 4-9.
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—
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Figure 4-21: (a) EDS scan of precipitate and (b) morphology after test at 25 °C on HW specimen
Table 4-9: EDS of Spectrum 1 shows upstairs

Spectrum 1 Ni Cr Nb Ti Si C )
% wit 19,3 8,4 21,67 24,63 0,25 16,41 8,25

The tests conducted at 30 °C induced a more penetrating attack on the LPBF-UT
specimens. The corrosion morphology already found in the lower temperature tests was
exhibited. In HW discs, the increase of the temperature produced more penetrating
attacks. Figure 4-22reports the morphology of the crevice attack at 30 °C on the LPBF

HT cube. The corrosive attack was not limited only to the surface layer, but in some area

Figure 4-22: (a) LPFB HT specimens after the test at 30°C; (b) morphology at high magnification

By increasing the test temperature up to 40 °C, the materials became more susceptible to
localized attack, showing significant damage.

Inside the damage area, the heat-treated LPBF specimens presented areas that are not
completely recrystallized (Figure 4 23).
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Figure 4-23: Not recrystallized zone inside the damage area for the LPBF-HT after the test at 40°C.

Critical Pitting Temperature test
The first attempt to determine Critical Pitting Temperature (CPT) was performed
temperature at 75 °C that was the starting temperature according to the standard. Table
4-10 shows the results of the tests.

Table 4-10: CPT result at 75°C [* average of 3 weights with standard deviation of 0.00001 g]

Specimens | Temperature[°C] | Surface [cm?] | AWeight* [g] | Attack number | AM/Surface [g/cm?]

LPBF UT 13.47 1.35707 4 0.10073
HW 75 11.03 0.00014 0 0.00001
LPBF HT 13.46 0.57790 1 0.04293

After 72 hours of testing, considerable damage was observed on the specimen obtained
by LPBF that was not heat treated. The ratio of weight lost compared to the exposed
surface was 0.10073 g/cm?, well above the 0.0001 g/cm? declared by the standard to
identify the presence or absence of pitting. Conversely, no localized attack was observed
on the traditional alloy. The heat treatment of LPBF specimen led to a significant
improvement in corrosion performance compared to the untreated one. Only one
corrosive attack was observed with a ratio of 0.04293 g/cm?. However, the damage was
still very high. All the attacks highlighted on the LPBF cubes were near to the unpolished
edge. For this reason, a second test, using the same condition, was performed on cubes

with polished edge in order to understand the effect of the rough surface.
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Figure 4-24: Localized attacks after the test at 75°C on (a) LPBF-UT, (b) LPBF-HT, (c) LPBF-UT with
polished edge and (d) LPBF-HT with polished edge

The second test results remarked the result obtained with rough edge. (Figure 4-24).

The SEM observation underlined the aggressiveness of the attack on the 3D printed alloy
after the exposure at 75°C (Figure 4-25 (a)). The dendritic structure was again recorded
(Figure 4-25 (b)). Regarding to the LPBF-HT, second phases rich in niobium and carbon
were detected, never recorded before. The corrosion was not stimulated by these phases

(Figure 4-25 (c)). The Table 4-11 reports the EDS analysis on this particle.

Table 4-11: EDS spectrum result on the particle recorded on the LPBF-HT specimen
Spectrum 1| Ni Cr Mo | Nb | C 0 Al | Ti | Fe |Total
% wi. 40.75|14.64 11,53 | 9.58|8.27 | 13.88|0.32| 0.6 |0.44| 100
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(b)

20um ' Electron Image 1

Figure 4-25: (a) Morphology of the attack after CPT test at 75°C and (b) high magnification of morphology
attack on LPFB-UT;(c) EDS spectrum on LPBF-HT

A third test using 60°C was performed. The LPBF-UT specimens presented a slight
corrosion not considered sufficient by the standard.

The pit observed at 60 °C was large about 400 um as shown in Figure 4-26. At high
magnification the melt pool structure was observed inside the pit (Figure 4-26 (b)).

Figure 4-26: (a) Pit recorded on LPBF-UT after the test at 60°C; (b) microstructure inside the pit
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Stress Corrosion Cracking test

Stress corrosion cracking (SCC) tests were conducted on LPBF-UT specimens at
temperatures of 155 °C and 170 °C, for 168 hours. Both building directions did not show
the stress corrosion cracks. The replication of the tests at 170 ° C on the U-bend remarked
the same results. The heat treatment does not affect the corrosion resistance. The Table

4-12 reports all the results.
Table 4-12: SCC at 155 and 170°C results

. Temperature | Building | Specimen In_|t|al F!nal Immersion
Specimen o o weight * | Weight * | AM [g] | Crack
[°C] direction | number [] [a] type
U-bend 155 XY 1 29.80806 | 29.80671 | 0.00134 | NO
LPBF UT z 1 27.21266 | 27.20922 | 0.00344| NO
XY 1 27.16713|27.16435|0.00278 | NO
U-bend 170 2 26.90112 | 26.89606 | 0.00507 | NO
LPBF UT 7 1 31.46677 | 31.46087 | 0.00591 | NO Full
2 31.46682 | 31.46087 | 0.00596 | NO | immersion
U-bend XY 1 27.85226 | 27.84929 | 0.00297 | NO
LPBE HT 170 2 28.27807 | 28.27352 | 0.00455| NO
980°C 7 1 28.59065 | 28.58455 | 0.00610 | NO
2 28.76252 | 28.58455 | 0.17797| NO

Slow strain rate tests (SSR)

The results of SSR for the LPBF untreated specimens is shown in the Figure 4-27.
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Figure 4-27: SSR results of LPBF-UT at 3.15 10 s* (red line) in air, at 3.15 10 s (red line) under
cathodic protection (blue line) and at 3.15 10° s (green line) after hydrogen charging
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The alloy tested in air at 3.15 10° s showed a very pronounced plastic region achieving
1018 MPa of ultimate stress and 0.316 of strain to rupture. The same alloy under cathodic
protection presented a reduction of strain to rupture achieving a value equal to 0.25. The
condition with hydrogen pre-charged and strain velocity of 3.15 10®° s showed an
intermediate behaviour.

The Figure 4-28 shows the SSR result obtained using LPBF-HT specimens. The air test
indicated a very large plastic region. The specimens reached maximum stress of 953 Mpa
and strain of 0.425. The cathodic protection at -1.1 V vs. Ag/AgCl strongly reduced the
plastic region led to a strain equal to 0.189 and stress of 893. Again, the pre-charging
represented an intermediate condition, close to the test in air, leading to a strain of 0.381.
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Figure 4-28: SSR results of LPBF-HT at 3.15 10 s* (red line) in air, at 3.15 10 s** (red line) under
cathodic protection (blue line) and at 3.15 10 s* (green line) after hydrogen charging

The fractography exam was carried out for all the specimens by SEM. The fracture
surface after the test carried out in air showed clearly a typical ductile surface
characterized by the dimples (Figure 4-29 (a)). Moreover, defects inside the specimens

was detected that can decrease the mechanical strength (Figure 4-30).
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Figure 4-29: Images of fracture zone for the LPBF UT specimens (a) at 3.15 10 s in air, (b) at 3.15 10¢
st under cathodic protection and (c) at 3.15 10 s after hydrogen charging

The LPBF-UT specimen under cathodic protection showed a different fracture surface
with flat zone differently oriented. The pre-charged LPBF-UT specimen presented the
same morphology with a limited extension (Figure 4-29-(b)-(c)). For these specimens the

dimples area is delineated only in the specimen centre.

s TR S

Figure 4-30: Internal defect recorded into the SSR specimen

After the test in air, the LPBF heat treated specimen showed a fracture surface with
dimples indicating the ductile character of this material (Figure 4-31-(a)). Under cathodic
protection the fracture morphology completely changes showing a fibrous zone
preferentially directed to the centre of the specimen (Figure 4-31-(b)). The pre charged
condition is an intermediate condition with a mixed fracture morphology between the two

previously discussed.
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Figure 4-31: Images of fracture zone for the LPBF HT specimens (a) at 3.15 10 s in air, (b) at 3.15 10¢
st under cathodic protection and (c) at 3.15 10 s after hydrogen charging

Potentiodynamic tests

The Figure 4-32 shows the average Ecor recorded before the potentiodynamic tests,

calculated over 600 seconds. After the specimens were immersed in the solution, they

reached a steady state Ecorr Within a few tens of seconds. The Ecorr Values were always

higher than the equilibrium potentials of hydrogen. Furthermore, the Ecorr decreased with

increasing the pH. No differences in terms of Ecorr of LPBF-UT-P and HW-P specimens

were noticed, although the LPBF-HT-P samples had slightly lower Ecor.
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Figure 4-32: OCP (average values on 600 s) of the specimens before the potentiodynamic tests in H2SO4
0.5 M solution at pH 1, in 0.6 M NaCl acidified at pH 3 solution and in neutral NaCl 0.6 M at pH 7%
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Some examples of the cyclic potentiodynamic curves are shown in Figure 4-33. Figure
4-33 (a) shows the potentiodynamic (PD) curves obtained in H.SO4 0.5 M solution for
every condition. All the specimens presented a passive behaviour over a wide range of
potential thus confirming the very high corrosion resistance of the alloy 625. A similar
behaviour was observed in NaCl 0.6 M solution acidified with HCI to pH 3 (Figure 4-33
(b)). In these solutions, no localized attack (pitting or crevice) was observed. Conversely,
the presence of crevice attacks was detected on some specimens after the potentiodynamic
test in neutral NaCl 0.6 M solution as indicated by the hysteresis loop in the
potentiodynamic curve (Figure 4-33 (c)).

The potentiodynamic curves of LPBF specimens with as-built surface (AB) were showed
in the Figure 4-34. The passive range was limited with comparison to the polished
specimens, the current density for the passive range was 1.2 pA/cm? for the untreated
alloy and 2.7 for the heat-treated ones. Furthermore, the curve for the LPBF-UT showed

a lot of anodic spikes.
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Figure 4-33: Potentiodynamic polarization curves of the HW and LPBF specimens (a) in H2S04 0.5 M
solution; (b) in 0.6 M NaCl acidified at pH 3 solution and (c) in neutral NaCl 0.6 M solution *°6
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Figure 4-34: Potentiodynamic curves of the LPBF-UT specimens and LPBF-HT specimens with as-built
(AB) surfaces, in NaCl 0.6 M solution.

Potentiostatic tests

The Figure 4-35 shows the result of potentiostatic test carried out at +200 mV vs. SCE in
0.6 M NaCl at pH 7. The LPBF untreated showed a passive behaviour with a passive
current of 0.1 pA/cm? after about 13 h. The heat treatment on the same alloy did not
change the corrosion resistant and the specimens LPBF-HT had passive current equal to
0.2 uA/cm?. Instead, the hot-worked alloy showed a corrosion attack after few minutes
after the immersion. Only one test showed a passive behaviour for this alloy with anodic
current density of 0.1 pA/cm?.

The Figure 4-36 reports the curves obtained at +500 mV vs. SCE. In the first test LPBF-
UT showed a stable passive behaviour with anodic current density of 1.5 pA/cm?, instead
in the second test a temporary breakdown of passive film was recorded. Concerning the
LPBF-HT, all the tests reported that the alloy underwent localized corrosion, but one
specimen was able to re-passivate. The HW alloy evidenced a trend similar to the LPBF-
HT.

The morphology inside the crevice of the HW specimens evidenced the austenitic grains
and the preferential corrosion of the niobium rich precipitates on their borders (Figure
4-37 (a) and (b)).
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Figure 4-35: Current density vs. time curve in potentiostatic tests at + 200 mV vs. SCE in NaCl 0.6N

solution at pH 7
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Figure 4-36: Current density vs. time curve in potentiostatic tests at + 500 mV vs. SCE in NaCl 0.6N

solution at pH 7
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Figure 4-37: SEM images of the corrosion morphology inside the crevice of a HW-HT specimen after the
potentiostatic tests in NaCl 0.6N solution at a) E = +0.2 V' vs. SCE; b) + 0.5 V vs. SCE

Conversely, the corrosion attack observed on the LPBF-UT after the potentiostatic tests
at +500 mV vs. SCE took place preferentially along the edge of the melt pools (Figure
4-38 (a) and (b)).

Figure 4-38: SEM images of the morphology of corrosion inside a shallow attack of a LPBF-UT-P
specimen after the potentiostatic tests in NaCl 0.6N solution at + 0.5 V vs. SCE; (b) close-up at higher
magpnifications

Finally, LPBF-HT specimens showed an intermediate microstructure inside the attack:
the re-crystallized equiaxed grains showed a morphology of corrosion similar to HW, but

the absence of macro precipitates did not promote the selective attack (Figure 4-39 (a)

(0)).
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Figure 4-39: SEM images of the morphology inside the crevice of a LPBF-HT-P specimen after the
potentiostatic tests in NaCl 0.6N solution at + 0.5 V vs. SCE; (@) intergranular attack in a zone fully re-
crystalized of the specimen and (b) mixed morphology in a zone of the same specimen not fully re-
crystalized

Electron backscattered diffraction (EBSD)

The Figure 4-40 (a, b, c, d) shows the Inverse Pole Figure (IPF) Z maps come from EBSD
map for the LPBF specimens. The LBPF untreated specimens showed a microstructure
preferentially oriented in {001} direction (red colour) with irregular crystallographic
structures that had dimension larger than the melt pool. The heat treatment changes the
morphology and the orientation of the grain. Geometrical forms with small colour
variation was also detected.

Equiaxed grains in an average size of 20 pum and some annealing twins were observed in

the traditional alloy 625, as shown in Figure 4-40 (e)
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Figure 4-40: (a,b) EBSD IPF Z maps for the LPBF UT specimens in function of the building direction; :
(c,d) EBSD IPF Z maps for the LPBF HT specimens in function of the building direction; (e) : EBSD IPF
Z maps for the hot worked alloy 625

Scanning Kelvin Probe Force Microscope (SKPEM

The Figure 4-41 reports the Volta potential maps obtained form SKPFM for the LPBF
alloy 625. For all the specimens regardless the heat treatment, the microstructure had

uniform potential without relevant different between the melt pool.

100



CHAPTER 4
EXPERIMENTAL STUDY OF ALLOY 625

50 mV

-50 mV

Figure 4-41: SKPFM Volta potential maps for alloy 625 processed by LPBF

Instead, the traditional alloy presented cathodic macro precipitates. On the same
precipitates the EDS analysis showed that the particles were formed preferentially by Nb
and Ti or Ti, Nb, and N (Figure 4-42 and Table 4-13).

50 mV

-50 mV

Figure 4-42: (a) Volta potential map of hot worked alloy; (b) EDS on the same precipitates with the
compositions.
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Table 4-13: EDS analysis of precipitates

Weight %
EDS spectra Nb Ti Ni Cr N Mo
1 91.5 4.9 2.7 0.9
2 29.3 50.9 1.7 1.8 14.6
3 92 4.4 2.5 1.1
4 32.3 475 2.7 2.1 15.2
5 3.3 62.6 22.6 8.5

Rockwell and Vickers tests

The Figure 4-43 reports the mean values of the Vickers hardness tests. The LPBF
untreated alloy showed values of 300 HV. The heat treatment does not strongly modify
the values of hardness that achieve 310 HV. Instead the hot worked specimens showed
values of 230 HV with high dispersion. Figure 4-44 shows the Rockwell C hardness
values. The LPBF untreated and heat treated had 27 HRC while the hot worked had 18
HRC with higher dispersion than the LPBF alloys. The trend presented of the two

techniques it is the same.
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Figure 4-43: Vickers values for LPBF and HW specimens
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Figure 4-44: Rockwell C values for LPBF and HW specimens

4.2 Generalized corrosion in acid solutions

The Figure 4-45 reports the Haynes® map of iso-corrosion given for the alloy with
comparable chemical composition used in Oil&gas field.™®" The experimental data
obtained are completely in accordance with this iso-corrosion map. The LPBF-UT alloy
showed a stronger resistance to generalized corrosion if compared with the hot worked
ones. Instead, the Figure 4-46 reports the iso-corrosion map for the sulfuric acid and it
highlights the opposite trend with respect to the previous environmental. >’

The nickel alloys have higher corrosion resistance than austenitic stainless steels thanks
to the higher solubility of the chromium and molybdenum into the austenitic lattice. Cr
and Mo are elements that increases the stability of the passive film. Lloyd et al. showed
that high-Cr alloys develop thick oxides with a layered structure consisting of an inner
Cr-Ni oxide layer and an outer Mo-W oxide. The effect of the chromium is to reduce the
corrosion rate in oxidant environment. The molybdenum increases the resistance to
localized corrosion, improves the repassivation kinetic and the corrosion resistance in

acidic reducing environments. %819
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Figure 4-45: Hydrochloric iso-corrosion map for alloy 625.7
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Figure 4-46: Sulfuric iso-corrosion map for alloy 625.57

The HW specimens present equiaxed grains with second phases precipitates along the
grain boundaries. The EDS analysis of the precipitates evidenced the presence of niobium
and molybdenum in the micro-precipitate at the grain boundaries which is consistent with

MC carbides and NizNb phase; moreover, titanium and nitrogen in the macro-precipitates
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was also identified (Figure 4-47). The SKPFM map show clearly the cathodic nature of
precipitates with respect to the matrix.
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Figure 4-47: EDS line scan on macro precipitates of HW-HT specimen

The specimens obtained via LPBF have different microstructures than those specimens
produced via conventional hot working, with nano-size second phases uniformly
distributed between the microdendrites.'®%-1%2 The very high cooling rates generate a
supersaturated solution leading to high segregation of some elements (e.g. Nb, C) that
remain entrapped in the dendritic core, as reported in literature for the LPBF process.>®163
The supersaturated state is also denote by the presence of very fine Nb-rich MC carbides
within the dendritic core.

The heat treatment at 980 °C of the LPBF specimens homogenises the microstructure.
The melt pools are no longer detected, as well as macro precipitates of Nb and Mo (Figure
4-48).
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Figure 4-48: Microstructure of the LPBF-HT specimens after metallographic etching
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Furthermore, the dendritic structures are not fully re-crystallized, and the LPBF-HT has
columnar grains which are aligned along the building direction confirmed also by the
EBSD analysis. In fact, the Figure 4-49 shows an elaboration of EBSD map of LPBF heat
treated alloy 625. It indicates that using a low angle grain boundary value of 2, a large

part of the microstructure is not fully re-crystalized.

Figure 4-49: EBSD processing map on LPBF heat treated alloy 625 (blue grain = recrystalized
structure; yellow grain - substructure)

A mechanism bases on the effects of precipitates could be hypnotize. Yao et al*%* reported
that under severe conditions, the Laves phase in T-400 can be preferentially attacked in
highly oxidizing environments and the matrix phase preferentially attacked under highly
reducing conditions. Nikiforov el al*®>%® underlined the important contribute of the
molybdenum for the corrosion resistance and other authors highlight the role of niobium
precipitates that can be promote the corrosion rate. The role of Nb rich precipitates in the
corrosion of alloy 625 alloy was underlined by Tawancy et al.”® Authors made tests in
boiling 10% nitric acid on alloy 625 annealed and aged at different time and temperature.
They concluded that NisNb phase formed during aging is preferentially corroded owing
the lower chromium content compared to the surrounding matrix.

The Figure 4-50 shows the AISI316L anodic behaviour in presence of strong oxidant
agent (Fe** ions) and in reducing conditions. The anodic curves strongly change with the
concentrations of chlorides ions.*®” It could be hypotized that increasing the test
temperature the anodic curves of the alloy 625 becomes similar than those reported for

stainless steel.
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Figure 4-50: Effect of oxidizing agents and chlorides on the anodic curves for AISI 316L1¢7

The tests performed in HCI can be analyse considering the central curve in the Figure
4-50 due to the higher corrosion resistance of nickel alloy than AISI 316L and the
presence of small part of oxygen into the solution.

For this condition, the anodic curve intercepts the cathodic curve in 3 point leading to 3
different corrosion rates. The first point is the maximum of the nose (c¢’”), the second in
the middle of the anodic nose (c”) and the last intercepts the anodic curve in the passive
zone (c). The corrosion rate is the mean of the 3 values. It is possible to hypothesize that
the alloy without precipitates work close to the C point with a small corrosion rate thanks
to the passive behaviour. While, the zone near at the precipitate particles the alloy work
in the C** point due to the molybdenum depletion. The specimens exposed to HCI
environmental have low corrosion rate but can show a localized attack stimulated by the
second phase precipitates. For tests carried out in the H.SO4 acid the cathodic curve is
based on the hydrogen reduction leading to an active behaviour for the specimens. With
the increase of the temperature, the anodic curves change as shown in Figure 4-51 causing
very high corrosion rates. These tests underline the galvanic effect of the niobium
precipitates. The corrosion rate is proportional to the ratio between the anodic area and
the cathodic area. The HW specimens have a low anodic/cathodic area ratio and the

presence of precipitates is localized at the grain boundaries limiting the active corrosion.
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Conversely, the LPBF alloy have nanometric precipitates homogeneously distributed
between the micro dendrites. This microstructure amplifies strongly the corrosion. The
heat treatment shows an intermediate behaviour thanks to the intermediate
microstructure.

The Streicher tests carried out on the alloy 625 used concentrate H.SO4 acid with ferric
sulphate achieving oxidizing condition and they are design for the intergranular corrosion.
This condition corresponds to the curve at high nobility condition (Figure 4-50). The Cr
and Mo content in the alloy 625 allow passivity condition in this environmental (D point)
but the zone with a depletion of Mo -due to the second phase precipitated- work in
transpassive zone (F point). This situation leads to a very penetrating attacks as shown by

the HW specimen, while the LPBF alloy does not show a selective attack.
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Figure 4-51: Different anodic curves in H,SO4 acid in function of the temperature for AISI316L1¢7

4.3 Localized corrosion

The behaviour in dilute solutions has been studied through electrochemical tests due to
the passive condition that leads to corrosion morphology that cannot be evaluated by
gravimetric methods. In these environments the alloy, regardless of the production
technology, is passive, even if in neutral chloride environmental there are phenomena of

crevice corrosion.
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The potential at which the current started rapidly increasing could be associated with
crevice (Ec), transpassivity (Et) or oxygen evolution reaction (OER). These phenomena
are discriminated depending on whether hysteresis occurred when the scan was reversed
as expected for crevice corrosion. The distinction between transpassivity and oxygen
evolution reaction is done on a thermodynamic basis, where the OER potential is
calculated according to the Nernst equation. The results shown in Figure 4-47 indicate
the potentials associated with OER (dotted line), crevice (empty symbols) and

transpassivity (full symbols).
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Figure 4-52: Transpassive potentials (Et) (full symbols) and damage potential (Ed) (empty marks) as a
function of pH for the HW and LPBF specimens®

It is worth noting that sometimes, the specimens showed a passive behaviour until the
OER, but during the reverse scan the presence of a hysteresis loop was detected and it is
consistent with results reported in the licterature.'®®1%° In this case, it is reasonable to
assume that the crevice potential was close to the OER and that the local acidification
associated with OER promoted the localized attack. 1™

The corrosion current densities icorr are also calculated by means Stern and Geary relation
in the range of £ 10 mV vs. Ecorr using a typical value of 52 mV/decade for passive systems
as electrochemical constant B. The values of icor, Shown in Figure 4-53, are slightly

higher for all the samples tested in acidic and chloride containing solutions than for those
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tested in sulfuric acid or in neutral chloride solutions; however the difference between
icorr OF all the specimens (LPBF and HW) is negligible.
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Figure 4-53: Corrosion current density (from Rp data) as a function of the pH of the solution

Moreover, the value of the current densities in the passive range (ip) are calculated as an
average over a potential range between -50 and 400 mV vs. SCE, or between -50 mV and

E. if the specimens presented localized corrosion, as shown in Figure 4-54.
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Figure 4-54: Average current density in the passive range of potentials of the potentiodynamic tests as a
function of the pH of the solution
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The values of ip are very similar in all the solutions for all the specimens. However, noting
that crevice corrosion was found in neutral condition but not in slightly acidic solution.
Even though the potentiodynamic tests did not highlight any significant differences
between the corrosion resistance of the HW alloy and the LPBF-UT specimens, the
evidence shows the possibility of crevice corrosion susceptibility in NaCl neutral
solution, mainly for the LPBF-HT specimens.

The results of the potentiostatic tests underline that the LPBF alloy 625 has a similar, if
not higher, corrosion resistance than the HW alloy. None of the alloys displayed pitting
initiation during the electrochemical tests, although in some cases crevice was observed,
this is consistent with what is reported in the literature in chloride containing solutions on
alloy 625, 168,171,172

The mass loss as a function of test temperature after the immersion tests is reported in
Figure 4-55 and it was used to evaluate the CCT. According to ASTM G48, CCT is
defined as the temperature above which the mass loss is greater than 0.0001 g/cm?,

0.01000
- ® —LPBF-UT-P
— ® —LPBF-HT-P .
- @ —HW-P -
”~
/ /.
&~ 0.00100 E ? _-" e
£ [ ] s _ -
2 ! Z-
") §&)
— 1 7/
3 g
€ crevice limit i
> 0.00010 - f
v £ 1,
> /
] l, /
= )4
S dI‘ -
0.00001 P S T T S TR SR ‘ L P 1
0 10 20 30 40 50

Temperature [°C]

Figure 4-55: Mass loss a function of time according to the ASTM G48 used to calculate the critical
crevice temperature
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Figure 4-55 provides a more comprehensive description of the crevice susceptibility of
these samples. It is also worth noting that at 40°C, which is the same temperature used
for the potentiostatic and potentiodynamic tests, the most corrosion resistant specimens
were LPBF-UT ones, whilst the HW-HT specimens has the worst behaviour with a mass
loss five times greater than the LPBF specimens. Moreover, whilst CCT results appears
to contradict the result from the potentiodynamic tests, they are in perfect agreement with
the potentiostatic result.

The effect of the surface on the localized corrosion was also studied by potentiodynamic
tests in 0.6M NaCl at pH 7 on specimens with rough surface.

The transpassive and damage potentials shown in Figure 4-56 highlight that the passive

film on the AB specimens was less protective than the air formed one.
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Figure 4-56: Transpassive potentials (Et) (fully marks) and damage potential (Ed) (empty marks) for
LPBF specimens with polished (P) or as-built (AB) surfaces

Moreover, the AB surface conditions lead to have a passive current density higher than

polished ones due to the high roughness (Figure 4-57).
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Figure 4-57: Passive current density (average value in the passive range of potential) for LPBF
specimens with polished (P) or as-built (AB) surfaces

4.4 Environmental assisted cracking
The NACE MRO0175 standard limits the hardness to 35 HRC to avoid stress corrosion

cracking for oil and gas service. Despite the LBPF specimen showed hardness below this
limit, an EAC characterization has been performed due to the higher hardness values of
the LPBF than the HW ones. Many literature works report that the alloy 625 is free from
chloride stress corrosion cracking.!”® The results in this thesis underline the strong
corrosion resistance for this type of corrosion and they highlight that also using an
environmental more corrosively with comparison to the standard one the alloy 625 does
not show any form of corrosion.

Conversely, the stress corrosion tests under cathodic protection show a susceptibility of
alloy 625 to the hydrogen embrittlement cracking for high cathodic potential. The Figure
4-58 reports the SCC factor calculated by means of NACE TM-0198 that describe the
ratio between reduction area of the specimens exposed in corrosive environmental and
the reduction area of the specimens exposed in air. This parameter — equal to 0.36 for the
UT specimen and 0.44 for the HT — indicates that the union of slow strain rate in the
magnitude of 10°® and a cathodic overprotection lead to a reduction below the 50%

regardless the heat treatment of the specimens. Conversely, the cathodic pre-charge and
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the strain rate in the magnitude of 107 is a less dangerous condition and it is a detrimental
condition only for the LPBF un-treated specimen.

The literature data report the hydrogen embrittlement phenomenon for alloy 625 during
cathodic protection. Kane et al.1"* performed constant load tests on cold-deformed alloy
625 specimens in acid solutions, analysing the cathodic potential effect. Failure times
decreased from thousands of hours to tens of hours upon application of cathodic current
in the 10 mA/cm? range. Aging at 500 °C decreased the failure time by almost two orders
of magnitude regardless of the applied potential. The worst corrosion behaviour for the
LPBF untreated specimens -that show the hydrogen embrittlement even in the less
aggressive condition- could be explain with the EBSD maps. In fact, the maps reveal that
the untreated specimens had a major crystal orientation in the {001} direction with
compared to the heat-treated alloy. Baker et. al.}”™ found that CMSX-2 nickel alloy
fracture occurs in the embrittled region parallel to {001} planes while the fracture occurs
along {111} slip planes by ductile shearing of the matrix.
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Figure 4-58: SCC factor for the LPBF specimens after SSR tests.
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A gas atomized Ti6AIl4V powder with 50 um of average size, provided by EOS GmbH,
was used. The material was printed by Politecnico di Torino.
The nominal chemical composition is reported in Table 5-1. A traditional wrought

material, with a similar chemical composition of powder, was also used.

Table 5-1: Normal Chemical composition of Ti6AI4V powder
Element (%owt) | Al \Y 0] N H Fe C Y
Powder 6.11 | 403 | 0.13 | 0.008 | 0.002 | 0.18 | 0.013 | <0.001

For the corrosion tests, cylindrical specimens with 15 mm diameter and 5 mm height were
used. Even for titanium specimens the same orientations, reported in chapter 3 and 4,
were adapted.

The specimens manufactured via LPBF were tested in two conditions: without heat
treatment (named LPBF-UT specimens) and after soft annealing at 680°C for 4h in
vacuum condition followed by the cooling inside the oven. Argon atmosphere was used
during the pick operation.

The LPBF specimens without post processing treatment of surface are named as built
(AB); the high rough surface obtained by confocal microscope are shown in Figure 5-1
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Figure 5-1: Confocal microscope image of the XY as-built surface of titanium sample

The specimens marked as P (Polished) were grinded with 4000 grit abrasive paper and
polished with 1 um diamond past. They were passivated in air for 1 hour before tests.
Some specimens were also pickled with acid (25% HNO3 e 2.5% HF) for 60 seconds at
room temperature. All specimens were degreased in acetone before the tests.

Potentiostatic test

These tests were carried out in simulated body solution (SBF) with NaCl 8.74 g/L,
NaHCOs 0.35 g/L, Na2HPO4-H.O 0.075 g/L, NaH2PO4-H>O 0.069 g/L at 38°C de-
oxygenated with nitrogen for 1 hour. The potentiostatic tests were carried out in a 3
electrode ASTM G5 cell using a PTFE holder sample with the exposed surface equal to
1 cm?. The specimens were polarized at +0.5 V vs. SCE for 60 hours. A nitrogen bubbling
was used during the test. The tests were performed using the Ivium Compastat.

Potentiostatic test at the same potential and in the same solution and condition were
carried out for 6000 hours using 8 samples, one reference and 1 counter electrode into a
25 litres cell. The specimens were anodic polarized using the 2052 AMEL instrument.
The data were collect using a 2000 Keithley combined with 7001 Keithley that read the
ohmic drop of Shunt resistances. The values these resistances, equal to 10,1000 end 20000
Q, were adapted in order to minimize the effect on the ohmic drop. A Matlab program

read the values for each channel with different acquisition frequency.
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5.1 Passivation kinetics of Ti6AI4V

The Figure 5-2 reports some of the anodic curves in SBF for different LPBF condition
compare with the curve obtain for the wrought specimens. The LPBF as built specimens
present many spikes and a current density higher than the other specimens. Conversely,
the polished and pickled ones showed the minimum value of current after 60 hours with
comparison to the traditional wrought material. All the curves marked a negative
exponential law. The other curves are located at the annex A.
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Figure 5-2: Short time potentiostatic curves at +500mV in simulated body solution for different Ti6Al4V
specimens

The specimens with surface AB presented many spikes and a higher current density than
the other specimens, due to the presence of partially-melted powder and re-solidified

drops (balling)*"® which cannot be separated through sonication in acetone (Figure 5-3).

Figure 5-3: Laser images of (a) XY and (b) XZ LPBF Ti6Al4V specimens in as built condition
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The 3D surface reconstruction performed on the LPBF as built specimens confirmed the

presence of partially melted powder on the XZ specimens (Figure 5-4).

170 pm

Building
direction

Figure 5-4: 3D reconstruction of Ti6Al4V LPBF specimen.

In a hypothetical use of this alloy in the biomedical field, the presence of small particles
of molten powder or balling is not admissible. Therefore, a cleaning treatment (chemical
or mechanical) is essential for their use.

In this way, the capability of hydrofluoric-nitric solution was investigated. After the
exposure for 60 second in acid solution the reconstruction of the same surfaces was
carried out again showing the reduction of the balling phenomenon without smooth
excessively the roughness (Ra) that change from 14.5 to 11.5 um (Figure 5-5). The
reducing of the balling and un-melted powder by pickling permits to partially remove the

spikes, but they are totally avoided only after mechanical polishing.
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pickled

Figure 5-5: Effect of pickled on the balling phenomenon for the XZ LPBF surface

Regardless the spikes, the trend of the anodic current with respect to time at constant
potential is limited in the earliest moments of polarization by the ohmic drop between the
sample and the Luggin capillary probe, then it is possible to observe an exponential trend
between the current density and the time.}”” The passivation Kinetics can therefore be
expressed with a relation of the type:
t
i=i,+ io(a)‘"

Where io represents the current in the first moments of polarization associated with the
time to, ip the passivity current at equilibrium and n the coefficient of the passivation
kinetics. The values of ip and n were calculated from the extrapolation of the potentiostatic
curves as shown in Figure 5-6. The specimens with surface AB have initial values of io
higher than the other specimens (Figure 5-7). A possible worse behaviour of the passive
film formed during the LPBF process can be supposed. After the chemical pickling, the
specimens show initial currents lower than the as build samples, but higher than polished
specimens. The ability of the pickling to remove the poorly protective film and the
partially melted particles on the surface can be hypothesized. The high initial current
density values are attributed to the greater exposed surface that is not eliminated by the
chemical treatment.

Furthermore, the value of n is similar for all the samples, around 0.95, indicating that the

superficial condition does not influence the kinetic of the film growth in environment.
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Figure 5-6: Example of fitting of the data (sample LPBF XZ UT pickled)
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Figure 5-7: Initial current density as function of superficial conditions

The i, determination requires long time that was not compatible with this experiment
setup. In the first instance, the values in the last hour of the tests have very low standard
deviation, indicating a quasi-stable state. This value of current, called ipson, is used to
compare the equilibrium behaviour of the samples.

Figure 5-8 and Figure 5-9 report the effect of the surface finishing on ipson. The XZ
specimens with as built surface showed current values higher than the XY specimens

(average ipson Of 2.3 pA/cm? for heat treated specimens and 0.11 pA/cm? for the
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untreated). These differences become neglectable for polishing samples. A slight decrease

of ipeon IS observed for the XZ specimens in function of the surface finishing, whereas the
XY specimens showed similar values to the AB and P.
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Figure 5-8: Average current density after 60h for untreated and heat treated XY-LPBF specimens as
function of surface conditions
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Figure 5-9: Average current density after 60h for untreated and heat treated XZ-LPBF specimens as
function of surface conditions

Chen et al.!”® using different equipment and scan strategy, observed that the sample
growth perpendicular to the building platform shows a lower corrosion resistance than

the samples parallel to the building platform in Hank's solution at 37°C. They affirmed
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that the parallel specimens had more artefact holes due to the zigzag laser scanning
strategy. A worst corrosion behaviour of the XZ samples with respect to XY was also
observed by Dai et al.1”® in HC1 1M that supposed the formation of “weaker” passive
layer on the planes perpendicular to the building platform.!

Differences in the hardness®, in tensile resistance and ductility'8! were founded between
the materials built in perpendicular or parallel directions. Conversely, no differences
between the building direction were founded by Chandramohan et al.*®?

The values of ipson Of the polished specimens are reported in Figure 5-10 as a function of
the metallurgical state (wrought, LPBF-UT and LPBF-HT).
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Figure 5-10: Average current density after 60h for the polished specimens as function of metallurgical
conditions

The ipson Of the LPBF-UT polished specimens are comparable to the value of the wrought
alloy. A slight increase of the current density is observed for the XZ-LPBF-HT
specimens, whereas the XY-LPBF-HT specimens showed similar values of iyeon than the
UT and wrought ones. This effect could be due to the higher emerging porosity, not
removed by the mechanical polishing.

The effect of post processing heat treatment is controversial. Dai et al.*”® reported that the
heat treatment of LPBF Ti6Al4V (2 h at 500 °C, 850 °C, and 1000 °C) was detrimental
to passivation in 3.5 wt% NaCl. Similar results were reported by Chandramohan et al.1®2
Conversely, different results were presented by Xu et al.'* in SBF and by Yang et al. in

NaCl 3.5% solution.!®® They found that the LPBF Ti6AI4V specimens after heat
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treatment exhibited inferior corrosion resistance compared to the commercial wrought
alloy.

Probably, the scan strategy and the equipment used for the printing influenced the
microstructure of the alloy and its modification with the heat treatments. Similar results
were found on AISi10Mg described in the chapter 3 or by other authors on CoCr alloy. '8
On the contrary a beneficial effect of heat treatment was observed for AIS1316L1818nd
17-4 PH.1¥7

The passivity current values are consistent with the values reported in literature. The
corrosion rate of the traditional wrought alloy in neutral Hank’s reported by Alves et al.*8®
is in the range of 0.03-0.33 pA/cm?, De Assis et al.*®® obtained 0.019 +0.0009 pA/cm?
while in neutral Ringer solution Vasilescu et al. reported higher values, from 0.2 to 21
HA/cm? depending on the metallurgical condition.!® These values were obtained by
means of potentiodynamic and electrochemical impedance spectroscopy techniques and
depend from the time of immersion. On the contrary, long-time immersion potentiostatic
tests on the same wrought alloy, given lower corrosion rate than the values reported
above.'®! It could suppose that an exposure time longer than 60 hours is necessary to reach
a steady state condition.

The passive current density after long time exposure was evaluated by means of multi-
samples potentiostatic tests. The Figure 5-11 shows an example of the results at +500mV
vs. SCE in SBF for pickled and polished LPBF Ti6Al4V specimens. For these tests the
As Built surface has been avoid due to the anodic spikes and superficial defects (balling)
that make unusable in biomedical field this surface. All the results are summarized in the
annex A.

The curves showed clearly that during the first hours, the polarization is far from the set

point due to the Shunt resistance. Furthermore, noise was detected during the test.
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Figure 5-11: Long time potentiostatic curves at +500mV in simulated body solution for different XZ UT
Ti6AI4V specimens?®?

The Figure 5-12 shows the comparison between some values -as example- of iy after 60
hours and after 6000 hours. The current density after 60h is obviously higher than the
current density after 6000h. Therefore, based on the comparison between the current
density values obtained by the model applied to the short time tests and those obtained

from the long period tests, it is possible to observe a slight difference, as shown in Figure
5-13.
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Figure 5-12: Anodic current density of LPBF specimen after 60h and 6000h
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Figure 5-13: Comparison between the real current after 6000h and the value obtain by means of the
model

In any case the work confirms the excellent resistance to corrosion of the Ti6Al4V alloy
in SBF environment, also for the rough surface produced by LPBF. High roughness is
particularly indicated to support the growth of bone cells at the interface between the
prosthesis and the diaphyseal canal.’®®* The pickling treatment permits to remove the
initial spikes of current, but the time of treatments has to be increased to be sure to remove

all the un-melt powders or the balling formed during the 3D printing.
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CHAPTER

CONCLUSIONS

This PhD thesis presents the research carried out on three different corrosion resistant
alloys —AISi10Mg, alloy 625, and Ti6Al4V— processed by Laser Powder Bed Fusion
(LPBF). The studies concern both the generalized and localized corrosion and the
environmental assisted cracking comparing the results with the tests carried out on the
commercial traditional alloys. The effects of microstructure and post processing treatment
on the corrosion resistance are investigated.

The corrosion resistance of the alloys obtained by means of additive manufacturing
techniques depend on different parameter. Only recently, international organizations,
such as The Wielding Institute, have issued some guidelines to outline the standardization
of these processes.

The LPBF process produces high surface roughness with oxide created during the printing
process different compared to that formed spontaneously in the air. The oxide layer
formed during the LPBF process decreases the AISi10Mg corrosion resistance leading to
penalization of pitting potential for this passive alloy. The film naturally formed, after a
post processing treatment of the surface such as mechanical polishing, is more resistant
to the corrosion presenting higher pitting potentials. However, emerging porosity may be
present. Inside the porosity the poor film cannot be removed and therefore represent a
critical point where the corrosion can initiate.

The oxide formed during the LPBF process affect the corrosion resistance of alloy 625.
The alloy 625 analysed in this work presents a lower resistance of localized corrosion

when used with surface as produced by the process. Under this condition, the material
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shows lower damage potentials and higher corrosion current density than the traditional
alloy. The alloy 625 with oxide formed in air achieves at least comparable performance
with respect to the traditional material or exceeds them. The alloy regardless the
manufacturing process shows high corrosion rates in reducing acid environments. In
oxidizing solutions, the LPBF alloy present a good corrosion resistance with comparison
to the hot worked one.

The Ti6Al4V shows similar electrochemical behaviour and it seem not be affected by the
nature of the surface oxide in the test solution used, which is not very corrosive. However,
the phenomenon of balling compromises the usability of the rough surface. The balling
causes spikes in the corrosion current that are correlated with higher ionic release of
substances harmful to the human body in the case of biochemical use. The acid pickling
post processing can be adopted to remove the partially melted particles of powders in
order to limit the balling phenomenon without compromise the roughness necessary for
osseointegration of prostheses.

The microstructural modification plays a fundamental role in corrosion resistance. The
heat treatment post processing is necessary to remove the internal stress due to the rapid
cooling rate, but it leads to a microstructure different from the start condition. The LPBF
alloy is formed by melt pools which are the fusion tracks left by the laser. Within this
microstructure, micro-dendrites are located. The effect of heat treatment on the AlSi10Mg
alloy is modified the microstructure of the melt pools changing the distribution of the
silicon between the centre and the border of the melt pool. This effect can stimulate the
selective corrosion leading to a penetrating attack on the border of the melt pools. The
stress relieving heat treatment suggested by the EOS company results to be very
detrimental for the corrosion. In this way, no heat treatment is recommended. For the
critical application, where the heat treatment is mandatory, a temperature above 400 °C
is recommended, which leads to less penetrating corrosion but worse mechanical
resistance.

No standard deals about the heat treatment for the alloy 625 processed by means of LPBF.
The heat treatment “grade 1 is adopted in this thesis as a common heat treatment in the
oil and gas field. This heat treatment dissolve partially the melt pools avoiding the second
phases precipitation. The heat treated specimens show in some cases a better corrosion

behaviour that the untreated ones. However, a decrease in the corrosion resistance has
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been noted with intermediate performances between the untreated LPBF specimens and
the hot worked specimens. The possibility of hydrogen embrittlement on heat treated
specimens under slow stress rate and cathodic overprotection is detected.

A specific heat treatment for the alloy 625 processed by means of LPBF could lead to a
good combination between the mechanical resistance and the corrosion performance.
The heat treatment adopted for Ti6Al4V does not change the corrosion resistance in a
simulated body fluid.

A global analysis of the results suggests the need to standardize all the parameters of the
LPBF process starting from the powders to the post processing treatments. These rules
are necessary to govern all the parameters that can influence the final properties of the

additive manufacturing part.
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Aluminium alloy:
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Figure A-1: Potentiodynamic tests on XY polished specimens in 1 g/L NaCl in function of the heat
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Figure A-2: Potentiodynamic tests on XZ polished specimens in 1 g/L NaCl in function of the heat

treatment temperature
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Figure A-3: Potentiodynamic tests on XY polished specimens in 3.5 g/L NaCl in function of the heat
treatment temperature
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Figure A-4: Potentiodynamic tests on XZ polished specimens in 3.5 g/L NaCl in function of the heat
treatment temperature
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Figure A-5: Localized attack on polished surface exposed in 3.5 g/L NaCl for (a) the XZ un-treated
specimen, (b) the XZ specimen heat treated at 200°C, (c) the XZ specimen heat treated at 300°C and (d)
the XZ heat treated at 400°C.

Figure A-6: Localized attack in 0.5 g/L NaCl for (a) the XZ un-treated specimen, (b) the XZ heat treated
at 200°C and (C) the XZ heat treated at 400°C.
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Figure A-7: Bode diagram of XZ P specimens in function of chloride content
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Table A-1: Ecorr and Epit, the impedance modulus, and the polarization resistance extrapolated from EIS
and potentiodynamic tests

XY specimens
HTT* test 1 2 3 4 5 6 7 8
|Z]a0000 [o0hm-cm?] 14 13 14 164 12 16 12 19
|Zo.o1 [ohm-cm?] | 6.6E+05 | 1.3E+06 | 1.6E+05 | 5.3E+05 | 3.0E+06 | 9.0E+05 | 1.1E+06 | 1.7E+06
) Rp [ohm] 6.1E+05 | 7.2E+05 | 1.7E+05 | 5.5E+05 | 7.0E+06 | 1.6E+06 | 1.1E+06 | 1.7E+06
Epit [V vs. SCE] 0.341 0.414 0.480 0.453 0.138 0.800 0.588 0.800
Ecorr [V vs. SCE] | -0.741 0.587 0.639 0.577 0.569 0.550 0.597 0.661
|Z]a0000 [o0hm-cm?] 18 16 12 12 22 25 20
|Zo.o1 [ohm-cm?] | 7.7E+05 | 2.8E+05 2.3E+06 | 1.1E+06 | 2.1E+06 | 6.7E+05 | 7.0E+05
200°C Rp [ohm] 8.1E+04 | 2.6E+05 | 4.9E+05 | 3.5E+06 | 1.3E+06 | 1.9E+06 | 8.8E+05 | 8.8E+05
Epit [V vs. SCE] | -0.413 | -0.184 0.000 0.441 0.322 0.800 0.446 -0.172
Ecor [V vs. SCE] | -0.661 | -0.641 | -0.627 | -0.587 | -0.675 | -0.526 | -0.573 | -0.600
|Z]0000 [ohm-cm?] 20 18 18 8 9 19 19
|Z]o.0o1 [ohm-cm?] 8.4E+04 | 1.8E+06 | 7.7E+05 | 1.6E+06 | 1.7E+06 | 1.2E+04 | 9.9E+04
300°C Rp [ohm] 7.1E+05 | 2.2E+05 | 2.9E+06 | 6.5E+05 | 2.0E+06 | 2.3E+06 | 2.9E+05 | 1.1E+05
Epit [V vs. SCE] | -0.071 | -0.699 0.145 0.233 -0.203 0.325 -0.620 | -0.622
Ecor [V vs. SCE] | -0.461 | -0.704 | -0.497 | -0.547 | -0.480 | -0.450 | -0.639 | -0.652
|Z]a0000 [ohm-cm?] 13 10 18 13 13 7 6 13
|Z]o.01 [ohm-cm?] | 1.7E+05 | 5.6E+05 | 1.6E+06 | 1.8E+06 | 1.4E+06 | 9.2E+04 | 4.2E+05 | 1.1E+05
400°C Rp [ohm] 4.6E+05 | 7.0E+05 | 1.7E+06 | 2.0E+06 | 9.0E+05 | 5.0E+05 | 1.8E+07 | 1.1E+06
Epit [V vs. SCE] | -0.610 | -0.543 | -0.470 0.150 0.022 -0.450 | -0.610 | -0.660
Ecorr [V vs. SCE] | -0.652 | -0.663 | -0.485 | -0.557 | -0.489 | -0.613 | -0.660 | -0.735

* HTT= Heat treatment temperature
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XZ specimens

HTT* test 1 2 3 4 5 6 7 8
|Z 40000 [ohm-cm?] 14 13 15 14 12 12 12 12
|Z|o.ox [ohm-cm?] | 5.9E+05 | 5.6E+05 | 9.4E+03 | 2.1E+05 | 1.0E+06 | 9.6E+05 | 8.3E+05 | 1.7E+06
uT Rp [ohm] 4.7E+05 | 6.4E+05 |8.3E+03 | 7.9E+05 | 1.6E+06 | 1.2E+06 | 9.7E+05 | 1.4E+06
Epit [V vs. SCE] | -0.314 0.700 0.227 0.509 0.800 0.200 0.372 0.153
Ecor [V vs. SCE] | -0.694 -0.628 | -0.592 | -0.518 | -0.574 | -0.617 | -0.577 -0.648
|Z 40000 [ohm-cm?] 14 14 - 15 15 35 13 15
|Zo.o1 [ohm-cm?] | 3.4E+05 | 9.3E+05 2.9E+04 | 1.1E+05 | 8.0E+05 | 2.0E+05 | 5.9E+05
200°C Rp [ohm] 2.1E+05 | 8.3E+05 | 6.7E+05 | 4.4E+05 | 2.1E+06 | 1.1E+06 | 8.1E+05 | 5.0E+05
Epit [V vs. SCE] -0.623 -0.632 -0.540 | -0.636 | -0.592 | 0.672 | -0.640 -0.529
Ecor [V vs. SCE] | -0.670 -0.641 -0.663 | -0.726 | -0.647 | -0.557 | -0.675 -0.536
|Z 40000 [ohm-cm?] 17 17 15 17 25 13 20
|Zo.01 [ohm-cm?] 1.1E+06 | 1.0E+06 | 1.9E+06 | 2.1E+06 | 1.3E+05 | 5.9E+04 | 7.0E+05
300°C Rp [ohm] 2.4E+05 | 1.1E+06 | 1.1E+06 | 2.2E+06 | 1.9E+06 | 1.4E+05 | 6.3E+04 | 3.6E+05
Epit [V vs. SCE] -0.270 0.090 0.195 | -0.219 | 0.287 | -0.593 | -0.680 -0.616
Ecor [V vs. SCE] | -0.746 -0.501 -0.526 | -0.595 | -0.486 | -0.624 | -0.676 -0.638
|Z 40000 [ohm-cm?] 14 11 17 12 17 17 13 13
|ZJo.o1 [ohm-cm?] | 3.0E+05 | 4.7E+04 | 2.1E+05 | 2.1E+05 | 5.9E+05 | 7.0E+05 | 3.9E+05 | 9.8E+05
400°C Rp [ohm] 7.6E+04 | 8.0E+04 |7.3E+06 | 5.3E+06 | 3.2E+07 | 4.2E+07 | 1.6E+07 | 7.1E+04
Epit [V vs. SCE] -0.600 -0.710 0.189 | -0.687 | -0.414 | 0.214 0.487 -0.570
Ecorr [V vs. SCE] -0.664 -0.722 -0.724 | -0.775 | -0.487 | -0.729 | -0.528 -0.570
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Alloy 625:

e

after the test at 25°C on (a) HW, (b) LPBF UT and (c) LPFB HT

Figure A-10: Macro image of attacks

(@)

Figure A-12: Macro image of attacks after the test at 40°C on (a) HW, (b) LPBF UT and (c) LPFB HT
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Figure A-14: Thickness status before the test for (a) LPBF-UT and (c) LPBF-HT; thickness status after the
test for (b) LPBF-UT and (d) LPBF-HT
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Table A-2:

Ecorr Values before potentiodynamic tests

Environment

Sample

Surface
condition

Heat treatment condition

Average Ecorr
(V vs. SCE)

0.6 M NaCl pH 7

P

LPBF

AB

uT

-0.276

-0.439

-0.303

-0.368

-0.443

-0.195

-0.491

-0.164

AB

HW

HT

-0.416

-0.398

-0.377

-0.373

-0.228

-0.316

0.6 M NaCl pH 3

LPBF

uT

-0.211

-0.212

HT

-0.249

-0.273

-0.192

HW

HT

-0.203

-0.173

-0.222

0.5 M H2S04

LPBF

uT

-0.103

LPBF

o

HT

-0.122

HW

HT

-0.076

Table A-3: icor, Ipand E; or E. calculated after potentiodynamic tests

Sample icorr (LWA/CM?) ip (WA/cm?) E:and E. (V vs. SCE)
0.6 M NaCl ?\lic'\’l' 0.5M (I)\lgCNII 0.6 M &SS'\C") ?\Ig(':\f 0.6M | HsSOq
pH7 oH3 H2SO04 pH7 NaCl pH3 ) pH7 NaClpH3 | 0.5 M
0.58 1.74 0.51 0.32 0.98 1.18 0.55 0.55 0.81
HW-HT Not 151 0.7 1.00 0.36* 0.60
determinable
1.35 0.94 0.60
LPBE- 0.47 0.74 0.80 1.01 1.14 0.35* 0.61 0.83
UT-P 0.39 2.21 0.90 1.04 0.43* 0.58
0.91 1.75 0.90 1.10 0.52 0.58
LPBE- 0.74 1.08 0.99 0.80 1.02 1.26 0.38* 0.60 0.80
HT-P 0.51 1.44 0.90 1.05 0.00* 0.59
0.43 1.00 0.12*
LPBF- Not 1.4 0.06*
UT-AB | determinable 2.34 -0.09*
LPBF- 0.47 2.80 0.09*
HT-AB 0.93 2.00 0.12*

* indicates the crevice potential (Ec)
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Table A-4: Summary of the types of corrosion morphology observed in the potentiostatic tests in LPBF
and HW Alloy 625 alloy

E =+0.2V vs. SCE E =+0.5V vs. SCE
Sample
Test 1 Test 2 Test 3 Test 1 Test 2 Test 3
HW Crevice | No attack | Crevice Crevice No attack Crevice
LPBF-UT | No attack | No attack - Crevice + repassivation No attack -
LPBF-HT | No attack | No attack Crevice Crevice + repassivation | Crevice
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Titanium alloy:
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Figure A-15: Potentiostatic curve of LPBF untreated As Built specimens
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Figure A-16: Potentiostatic curves of XY LPBF untreated polished specimens
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Figure A-17: Potentiostatic curves of XY LPBF untreated pickled specimens
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Figure A-18: Potentiostatic curves of XZ LPBF untreated polished specimens
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Figure A-19: Potentiostatic curves of XZ LPBF untreated pickled specimens
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Figure A-20: Potentiostatic curves of XY LPBF heat-treated polished specimens
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Figure A-21: Potentiostatic curves of XY LPBF heat-treated pickled specimens
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Figure A-22: Potentiostatic curves of XZ LPBF heat-treated polished specimens
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Figure A-23: Potentiostatic curves of XZ LPBF heat-treated pickled specimens

Table A-5: Values of real current after 6000h and of extrapolated current from the model after 6000h

ireas after 6000 hours [uA/cm?]

imoder after 6000 hours [HA/cm?]

XY UT Pickled 0.0214 0.0307

XY HT Polished 0.0268 0.0417

XY HT Pickled 0.0311 0.0363

XZ UT Polished 0.0275 0.0482

XZ UT Pickled 0.0137 0.0466

XZ HT Polished 0.0512 0.0639

XZ HT Pickled 0.0406 0.1029

Table A-6: Values of i, after 60h and after 6000h
ip [wA/cm?]

Time (h) XY UT XY HT XY HT XZ UT XZ UT XZ HT XZHT
Pickled Polished Pickled Polished Pickled Polished Pickled
60 0.0393 0.0441 0.0264 0.0557 0.3818 0.0889 2.0597
6000 0.0214 0.0268 0.0707 0.0275 0.0455 0.0511 0.0406
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